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ARTICLES .

COMPARISON OF CALCULATIONS OF A TWO-DIMENSIONAL
MODEL OF A FAST REACTOR

A. I. Voropaev, O. P. Chukhlova, UDC 621.039.51
A, A. Van'kov, L. N. Kudryashov,
and R. V. Nikol'skii

The specification of a two~dimensional (R-Z) test model of a fast reactor with a power of 1200 MW (el.)
was developed in 1976 by the European—American Committee of Reactor Physics (NEACRP) for comparison
of the basic physical characteristics obtained in the different countries which determine the economics and
safety of planned commercial fast reactors with sodium coolant [1].

The active zone with 10-m3 volume contains two equally large subzones of different enrichment. The
height of the active zone is 102 cm. The volume fractions of fuel, sodium, and steel are 41, 38, and 21%. The
fuel is a homogeneous UO, — PuO, mixture. The isotopic composition of the plutonium is as follows: 67.8%
239py, 19.4% %Py, 10.3% 4 Pu, and 2.5% *2Pu. The thickness of the end shield is 33 cm and of the lateral
shield — 47 em. The moist material is the oxide of dumped uranium. The computational model corresponds
to the start of reactor operation at power, i.e., no fission products and plutonium in the shields.

A systematic discussion of the calculations which have come in from the different countries has been
carried out at the English National Laboratory [2].” The results ‘presented by the USSR of calculations of this
test model using the BNAB-70 system of constants are reviewed in [3]. A more detailed description of the
model and computational details is also given there. '

At the present time the new BNAB-78 system of constants [4], which is based on recent estimates of
microscopic nuclear data and which are in agreement with the results of fundamental experiments on neutron
balance in uranium and plutonium critical assemblies, is starting to be widely used in the computational
practice of fast reactors in the USSR. Therefore, test calculations using this system of constants and a com-
parison of them with analogous calculations using other systems are of interest. Such a comparison was made
[5, 6] for a spherical test model of a reactor. Results are presented below for a two-dimensional test model
of a large breeder reactor (the NEACRP model).

The results given of calculations using BNAB-70 and BNAB-78 are obtained with the help of an NF-6
computer system [7} in which are implemented specific algorithms for preparation of the group macroscopic
constants. Taking the effect of resonant self-screening into account and the calculation of the moderation cross
section are done in specified approximations. The error due to these approximations is estimated (e.g., see
[8]) to have these values: +0.5%for keff, +£0.03% for the physical breeding ratio of the reactor (BR) and the
breeding ratio of the active zone (BRA), and +109% for the reactivity coefficients.

The results of the calculations of the test model carried out in the USSR using the BNAB-70 and BNAB-78
systems of constants are compared with the calculations of other countries in Table 1 and Fig. 1. The param-
eters BR and BRA are found from the neutron balance corresponding to a cond1t1onally critical calculation,
since-the composition and dimensions of the reactor are fixed by the conditions of the specification. The fol-
lowing definitions are adopted:

) i+t
(C—}—F)r +HCHFYIHC+P? ’ 1)
Chz+CA% : ‘ @)
(C+PF+C+PEHC+P)}’
where C and F are integrals over the volume of the capture and fission rates in the active zone (AZ) or in the

entire reactor (r). The superscripts "5", "8", "9" "40", and "41" refer to the isotopes 235y, 238y, 239py, 240py,
and 2 Pu. The numbers in parentheses indicated in Table 1 are the results of recalculations of BR and BRA

BRA =

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 355-357, June, 1980. Original article submitted
October 15, 1979. :
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Fig. 1. Distribution of the heat-generation density

in the central plane of the reactor:.I) zone of small
enrichment; II) zone of large enrichment; IIT) lateral
shield; and 1V) reflector made out of steel and sodium;
—) USSR (BNAB-178), ---) USA, and O) France.

TABLE 1. Comparison of Calculations of the Basic Physical Characteristics of the Test Model
of a Fast Reactor ' : :

bl : Eff, of central Effect of sodium removal, Variation of ke ff upon heating
Crmca%uy and breeding boron rod, Dkefr of the fuel from 1f00aK to
parameters 2200°K, %
keff
Country : : from entire| ti
: with with from 5 rom entire
active zone| active zone ig, ¢ - | upon removal
heff BR BRA gg.spect :gsPeCt ozfo "¢ land end :gdlzid " _oggﬁzzm of sodium from
frel sodi small Jshield shield of a | P Aoy S ohield
tum - fenrich- "hot" reactorl| -
ment.

USSR:
BNAB-T70 1,009} 1,48 (1,50) | 1,06 (1,07) | —0,47 | —0,39 | 1,9 1,7 2,0 —0,65 —0,34
BNAB-78 1,012 1,39 (1,42) | 0,98 (0,99) | —0,37 | —0,31 | 2,1 2,0 2,2 —0,58 —0,36
England 1,022 1,36 (1,42) | 0,95(0,97) | —0,40 { —0,33 | 2,1 2,1 2,4 —0,74 —0.45

S.A. 0,993 1,39 (1,37) | 0,99(0,98) | —0,33 | —0,28 | 2,4 2,4 2,7 —0,71 —0,46

rance - 1,013 | 1,39 (1,42) | 0,98 (0,99) [ —0,38 | —0,36 | 2,2 | 2,2 2,5 —0,71 —0,48
West Germany | 1,024 1,36 (1,42) | 0,96 (0,98) | —0,40 | —0,34 | 2,0 1,9 2,1 —0,65 —0,42
Japan 1,014 1,36 (1,39) | 0,96 (0,97) | —0,32 | —0,26 | 2,4 2,5 2,7 —0,78 —0,53
Av. value for |1,013( 1,37 (1,40) | 0,97 (0,98) | —0,37 | —0,31 | 2,3 2,2 2,5 —0,72 —0,47
foreign labs, .

Remark: The numbers in parentheses give the result for the conditions of a critical reactor
(see text).

for the conditions of a critical reactor with a change in the enrichment. Sensitivity coefficients calculated from
generalized perturbation theory were used for the recalculation. The sensitivity coefficients are obtained '
" under the condition of preserving the isotopic composition of the plutonium and the enrichment ratios in both

. subzones of the active zone [9].

In connection with the comparison of the efficiency of the central boron rod a variation of keff is indicated
for the two cases in which the fuel in the central region of the reactor (R = 7.2 cm, H = HA7Z) is replaced by a

354
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TABLE 2. Comparison of Estimates of the
Error in Calculating the Physical Param-
eters of a Large Fast Reactor

Max, scatter
P ‘ Based on errors | of test calc,
arameter in nuclear data | results
k ' +2 % 2,7 %
Bﬁff +0,06 0,05
Eff. of boron rod
° 10 % 20 %
Removal of sodium . +30 ‘(;A) 30 3%;
Heating of fttlpl +30 % 30 %
Heat generation per 1
lzxgillte%olume of active +5 % 10 %

boron rod and in which the boron rod is placed in the central region filled with sodium. The computational
results of the variation of keps upon removal of sodium from different parts of the reactor are also given here,
The cross sections of uranium and plutonium isotopes at 2200°K (T = 1100°K for all the preceding alternatives)
correspond to a "hot" reactor.

Furthermore, the caleulations of the variation of keff upon heating of the active zone from 1100 to 2200°K
are compared in Table 1. The numbers in the next-to-last column correspond to the original composition, and
those in the last column correspond to a reactor from whose active zone and end shield the sodium has been
removed.

The distribution of the heat-generation density (without y radiation taken into account) in the central
plane of the reactor is shown in Fig. 1. The calculation using BNAB-70 practically coincides with that using
BNAB-78 (maximum difference does not exceed 3%}. The results of the American and French calculations are
the bounding ones between which the results of the other countries are located.

On the basis of the above one can draw the following conclusions:

1. The transition from the BNAB-70 to the BNAB-78 system of constants has resulted in a decrease of
BR by 0.08, which is produced entirely by a decrease in breeding in the active zone. The effective multiplica-
tion factor underwent an insignificant change (+0.3% keff). The efficiency of the central boron rod decreased
by ~25%. The sodium void effect became more positive. The changes in BR, BRA, and ke¢f are in good agree-
ment with the conclusions which follow from an analysis of experiments on large plutonium assemblies [10, 11]
and with the results of international test calculations of a one-dimensional model of a fast reactor with an
active-zone volume of 2.5 m® [5, 6]. We note that the good agreement of the criticality of the two-dimensional
model in the calculations based on the BNAB-70 and BNAB-78 systems is a consequence of compensation of an
overestimated contribution of >4 Pu (~1.5% kegf) and an underestimated contribution of 28U and 2**Pu to the
reactivity in the BNAB-70 system of constants.

.2, Calculations of the values of keff, BR, BRA, the efficiency of the boron rod, and the sodium void effect
using the BNAB-78 system agree better with the results of foreign laboratories than the calcuations using the
BNAB-70 system. However, the change in the reactivity upon heating of the fuel is less by 25% than all the
foreign data in the calculations using the BNAB-78 system.

3. The estimates of the error in calculating the basic physical parameters of a large fast reactor ob-
tained on the basis of an analysis of the errors existing today in the microscopic and integrated nuclear data
[8] are compared in Table 2 with the scatter of the computational results in the test model under discussion.
The closeness of these and the other results indicates that the error estimates of basic reactor parameters
given in [8] are realistic. One can use them in design calculations of industrial fast reactors with oxide fuel
and sodium coolant. However, one should anticipate increases by a factor of two to three in the computational
errors of these parameters for reactors with a different coolant, a different kind of fuel, or with a design of
the placement scheme of the breeding zones which is different from the traditional one [9]. .The cause for this
lies in the fact that the systems of constants used in design reactor calculations are matched for the best des-
cription of experiments on critical assemblies and operating breeder reactors with the traditional composition.

The authors are grateful to M. F. Troyanov for his support and discussion of the research at every stage.
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PROCEDURE FOR CALCULATION OF FUEL DEPLETION
TO DE\TERMINE THE PHYSICAL CHARACTERISTICS OF
A FAST POWER REACTOR IN THE STEADY-STATE MODE

G. B. Usynin and V. A. Chirkov : UDC 662.039.526

The breeder properties of a fast reactor determine its physical characteristics: the breeding ratio BR,
the doubling time T,, the growth rate w, the specific load of plutonium into the fuel cycle G, and the specific
amount of excess plutonium r [1]. Since these characteristics depend on the instantaneous composition of the
fuel, a unified approach to its computation is advisable. One can determine the listed characteristics for a
reactor in a constant state (continuous overload conditions; the operational reserve of reactivity is equal to
zero). We select for the calculation two different fuel conditions of the operation of a fast reactor: the steady-
state fuel mode, in which the composition of the loaded and discharged fuel is constant, and the natural fuel
mode, which is a particular case of the steady-state mode in which the composition of the loaded and discharged
fuel is identical.

Natural Mode. Let us assume that the reactor is divided into J zohes. We write the equations of material

balance between the loaded and discharged fuel for the four plutonium isotopes (*3%~2£py).
- . ;
Ly, - W
2 7, 044(T)) <1—s,->=Biz 7, 08 @)
i=1
Here u and TJ are the mass of heavy atoms and the fuel delay tlme (operatmg period) in the j-th zone, p°
and p ;' are the relative concentrations of the i-th isotope in the loaded and discharged fuel, and Bj is a
coefficient which is equal to the ratio of the discharge rate of the i-th isotope to its loading rate. In the natural
mode Bj for all four isotopes are equal to one another (B = Bj); & j are the fuel losses from the j-th zone in
chemlcal reprocessing.

We obtain from the solution of the depletion equations [2]

242

pi'j(t)=h=2238 fik,j(t) p;?' 7 . 2)

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 357-360, June, 1980. Original article submitted
August 20, 1979.
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TABLE 1. Relative Concentrationof Isotopes of the Reference Reactor *

Active zone Shield
L 9 _ - ,
Isotope i 0l i 0 v R, = pgi o) b1 o)
239

238 0,8236 0,7768 0,7317 0 ’ — 1 0,9885 0,9772
238Py 0,13% 0,1297 0,1207 1 1 0 0,0103 0,02 .
210Py 0,0305 0,0353 0,039 0,1014 0,2186 0 - 0,03147 0,()904
241py 0,0050 0,0058 0,0067 1,7784 0,03612 0 0,0%3 0,011
242py ~ 0,0014 0,0016 0,0019 0,1024 0,0100 0 0 0 .
Fission products 0 0,0509 0, 10000 —0,0513 — 0 0,02101 0,0%2238

*A spherical reactor with a uniform reactive zone surround by a reflector. The radius of the
active zone R, , = 84.196 cm; the thickness of the shield ARg = 45.72 cm; the mass of heavy
atoms in the active zone p, ,,= 7113 kg and in the shield pg = 32015 kg; the operating period
of the active zone (at an average specific power of 400 kW/liter) is Ty, 5,= 727.6 days and of
the shield Tg = 1.38 Ty,z, days.
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Fig. 1. Dependence of (EBR; + 1); B, r, G, T, on the depth of fuel depletion in the active zone -
of a reactor in the natural mode (gj = 0, phg s = 0.02).

Fig. 2. Dependence of the excess breeding ratio EBR; on the composition of the plutonium
consumed (g; = 0, Pz'gs,s = 0.02, and EBR,; = const).

where fik, j(t) are known functions of the cross sections and the time. The timet = Tj for pi j(Tj) and p; j(Tjj =
r i

/T Sp,», i(t) dt  is selected on the basis of the established fuel depletion (active zone) or plutonium accumula-
0

tion (shield).

The criticality equation for the reactor and the conditions of constancy of the mass of heavy atoms in
each zone are written in the form

J 242

—~ 5 - 5
2 [ 2 Hipi,j(Tk)i'j"_ijng.i(Tk)ng'j]=sc:; 3)
i i=238
242 . (4)
M o0 4. Co
_ 1y T 1 4
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where (Gk/k)i’ j is the reactivity introduced by the i-th isotope into the j-th zone anfl p;l%j and -ﬁ-ng,.j are the
relative concentrations of fission products in the fuel. Since the isotopic composition of the plutonium loaded
into the active zones of the reactor is identical, we obtain the following coupling equation:

0} ;=450 jor : (6)

in which j* is the number of the active zone with respect to which the concentration in any i-th zone of the
reactor is determined (Aj % =13 Aj- = 0 in the shields; Aj # 0 in all subzones of the active zone). -

By substituting Eqs. (2) and (6) into (1), (3), and (5), we obtain a nonlinear algebraic system of six equa-
tions with six unknowns which is solved as follows. First one does a neutron physics calculation of the base
version of the reactor in order to determine the cross sections, (8k /k}, etc. Then one arbitrarily specifies
the values T; in each zone and solves the system of equations (1), (3), and (5) in the six unknowns B and pg : ke
This system has siz solutions. However, only one of them satisfies the physical sense of the problem. Nex
one determines p‘i’ . and pi, j,.and also the concentration of fission products and plutonium accumulation, com-
pares them with the specified values, corrects the values Tj, and repeats the procedure.. When necessary,
one calculates a new the neutron physics of the base version.

Calculations have been performed according to the proposed procedure of the physical characteristics
of a reference reactor [3]. A multigroup neutron physies calculation has been done according to a one-dimen-
sional program [4] using the BNAB-70 system of constants. The method for calculating (6k/k)i’ j is taken from
[5]. The main expenditures of machine time in calculating the different versions are necessary for the neutron
physics calculation of the reactor. '

The initial data necessary to determine the physical characteristics of the reactor, which were deter-
mined from the following formulas:

J " 242
i .
> 7 DU vl —ep) pii —od, )]

i—1 7 §=239 .
EBR, =2 e : (7
3 il
T; Png.j
j=1
J 242
> WINTT=N )
_j=11=239 8)
EBR; = FETY) ' (
Z 2 (V9);
j=11=238

J J '
. . k ok
where y; = E VisjOirilil Z p%,;u; is the relative cost of the i-th plutonium isotope [yi,j=(5]—c)i_,~ — (—k—)m_,-/
i=1 . i=1 '

(%)zas,j — (%)238,]‘]; Ni,;ﬁ and N;,,— are the number of captures and fission of the i-th isotope in the j-th

zone; and EBR is the excess breeding ratio. are given in Table 1.

The reactivity loss upon production of a unit of energy is

J 247 J
1 dk Wi < 8k [N ﬂ | —\Ei .
T =27 2 (F)., et (), et ]fe S e ®
j=1 1=238 j=1
where q is the heating power of the fuel.
The doubling time T, = In2/w was determined from the equation 1]
7 1Py d (1 —ej)pjpj T : |
\ L] — —E)1jPj o[ I o 10
ZJ 1—exp (—oTjle) Zi 1-—exp (—oT;/y) e_\p[ @ ( [ + T’”)}’ ( )
i=1 j= -
where Tyj is the average processing time of fuel from the j-th zone.
The annual excess amount of plutonium was calculated from the formula
T, 242 EBR " B—1) T, e
, ” , ) g, _ .
r':WZT]_ 2 Yi[“—ej)Pi,j—Pio,J]: W1 2 T_’.png'jz( W_Z' T—j >_‘, 'Yip'(i).i: (11)
j=t 7 j=239 ' s 7 j=1 i=239
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where W is the reactor power. The specific load into the fuel cycle was found from the equation

J 242 242 v , ,
=2 (w2 v 01) - (12)
=1 1=23% i=239

Below are given calculations of the physical characteristics of the reference reactor in the natural mode
with ¢ =1, g = 0, and Tnj =1 year:

EBRj ¢ vovnvcnnscnnascens ee...0.463
EBR, . ettt 0.460
(l/k)(dk/dE), (MW day)" tee e~ (—0.0002"
Ty, YEATS © v v ot v v ot e cn o aoenns 7.7

r, kg/(yr MW) . ........ PP 0.178

G, kg/MW ovvve v v v voveenrs..1.893

2 e 1.329

The dependence of r, (EBR; + 1), B, G, and T, on the depth of fuel depletion in the active zone is shown in
Fig. 1. These characteristics depend also to a significant extent on the rate of plutonium accumulation in the
shield and the losses upon chemical reprocessing, especially in the case of low depletion.

Steady-State Mode. In this case one writes the right-hand side of Egs. (11) in the form Bk; 2, (s
7

T)pbse; » where the coefficients k;=pY/p},, characterize the composition of the loaded plutonium. For the
steady-state mode one solves Eqs. (3) and (4} independently of Eqs. (1) with respect to only the two unknowns
ph3s,4 and p%sq;+ , determines all the remaining concentrations, and corrects the fuel delay times in the
zones, after which the operation is repeated. The dependence of EBR,; on the composition of the plutonium con-
sumed is shown in Fig. 2. As is evident from Fig. 2, an increase in k,,, and a decrease in k,, result in an
appreciable increase in the integrated breeding ratio.

We note in conclusion that one can take approximate account of compensating elements within the frame-
work of the proposed method if one takes as the base version of the reactor one having an operational reserve

of reactivity ~ (,1; Edf}; ) Lf , Where Ep is the specified energy production between regular rechargings.

Conclusions. An effective procedure is proposed for calculation of the loading and discharge rates of
fuel as well as its isotopic composition (in the continuous recharging mode), which is necessary for calcula-
tion of the physical characteristics of a reactor in the steady-state and natural fuel modes.

The procedure discussed permits determining the physical characteristics of the reactor in the natural:
mode as well as investigating their dependence on the composition of the fuel consumed.

The proposed algorithm makes possible the calculation of the physical characteristics with an arbitrary
dependence of the microcross sections, fluxes, enrichment function, and other parameters over reactor volume
and the optimization of reactors with a different heterogeneous structure.

The effectiveness of the procedure is achieved owing to the possibility of reducing a distributed problem
(with an arbitrary number of partition zones) to a point one (with one zone).
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POWER DISTRIBUTION MONITORING AND CONTROL
FOR A RBMK REACTOR '

I. Ya. Emel'yanov, V. V. Postnikov, UDC 621.039.562
and Yu. I. Volod'ko

The RBMK reactors have involved various difficult problems in control of core processes, particularly
in the monitoring and control of the poWer distribution. Reliable power-distribution control for reactors of
this type is complicated by various factors: the high unit power and large size of the reactor, the xenon in- .
stability occurring in such reactors, the large number of monitoring points and control devices, which con-
stitute a considerable load of the operator, the complicated microstructure of the power distribution, which
is due to the large number of additional absorbers in the initial working period, and to the large numbers of
adjacent fresh and partly worn out fuel-pin assemblies in the steady-state, in addition to the spatial instability
due to the void, temperature, and other reactivity coefficients [1],” and the complexity in monitoring the power
distribution by heat-engineering methods in channels with a boiling coolant.

Some of these factors become more important to the structure of the control system for a reactor of any
type as the size and unit power increase or as the specifications for automatic control are tightened.

The monitoring and control system for the RBMK-1000 includes three basic systems each having highly
independent operation: the control and protection system CPS, the system for physical monitoring of the power
distribution CPMPD and the Skala centrallzed monitoring system CMS., We consider the main functions and
features of each system, with particular attention to the noval features of the structure and novel features of
the structure and novel items of equipment.,

The CPS [2] operates from lateral ionization chambers LIC. In the upgraded form, the CPS is supple-
mented with local automatic control LAC subsystems and local emergency protection LEP systems, in which
triaxial fission chambers are used as the detectors [3].

The CPS is based to a certain extent on designs traditional for large uranium—graphite reactors and
provides for monitoring of the power and reactor period together with automatic maintenance of the reactor
power in the range 0.1-100%, as well as automatic emergency protection if the power level or rate of power
increase exceed set limits, automatic emergency reactor protection from deviations in the power distribution
at the periphery of the core corresponding to the first radial-azimuthal harmonics, monitoring of the relative
power distribution at the periphery of the reactor, and manual control of the positions of the absorbing rods.

The lateral ionization chambers are placed in the reflector (four chambers) and behind the reflector
(24 chambers), while there are 42 chambers within the reactor, whose positions are shown in the figure. The
effectors in the control and protection system are absorbing rods of three types, which are placed in 179
special zirconium channels and are cooled by water, including the manual control rods MC, which number 146,
the automatic control rods AC for the average reactor power, which number 12, and the short absorbing rods
SAR, which number 21. TFifty-seven rods in the manual control system are used as emergency-protection rods
and are withdrawn from the core during operation. The height distribution of the power is controlled by with-
drawing the MC and AC rods upwards, while the SAR rods, which have absorbing parts of half the length, are
withdrawn downwards.

The LAC system is designed for automatic control of reactor power and to stabilize the power distribu-
tion [4]. When the reactor works with LAC, one of the AC must be in the hot backup state. Switching from LAC
to AC or vice versa is performed manually, or automatically, by means of the sevel effector organs for the
LAC, which are analogous to the MC effectors, and the 42 LAC and LLEP chambers are uniformly distributed
over the core (Fig. 1). Fach LAC rod is surrounded by two LEP chambers and four LAC chambers. The
averaged corrected signal from the four LAC chambers is used to control the rod.

The SPMPD consists of two independent subsystems for monitoring the power distribution over the
radius (SPMPDR) and the height (SPMPDH). Both systems work from the internal detectors ID that monitor

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp.-360-365, June, 1980. Original article submitted
May 14, 1979.
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Fig. 1. Location of the control rods and ionization chambers of the CPS and of the
SPMPD detectors in the RBMK-1000: 1) DMER; 2) channel for calibration , chamber;

3) detector for the LAC and LEP systems; 4) LAC and LEP rods; 5) AC rod; 8) MC

rod; 7) emergency-protection rod; 8) short absorbing rod; 9) DMEH; 10) fission chamber;
11) lateral ionization chamber (outside a reflector).

the radial power distribution DMER and the height distribution DMEH, which provide preprocessing of the
signals, transmission to the computer, comparison of the signals with given levels, and generation of auidable
and visible signals if the detector signals go outside set limits. The SPMPDR receives the signals from 130
DMER chambers placed in the fuel-pin assemblies, while the SPMPDH receives signals from 84 DMEH chambers
placed at sevel points along the height in 12 of the DMEH channels.

The number and location of the ID were chosen on the basis that the permissible power in a fuel-pin
assembly should only be slightly dependent on the power distribution over the height of a channel (up to axial
nonuniformity coefficients of 1.7-2,0) and is determined in the main by the flow rate, pressure, and tempera-
ture of the water at the inlet to the pin assembly. Therefore, the SPMPDR provides the basic internal monitor-
ing in the RBMK-1000; the DMEH chambers are intended in the main for monitoring the stability of the height
distribution and to prevent excessive linear load on the fuel-pin assemblies in anomalous situations. The
number and disposition of the DMER chambers are determined by the required monitoring and control accuracy.
The mean-square error in discrete monitoring of fuel-pin power at the maximum distance from the DMER"
chambers is about 2% for the pitch chosen for the DMER lattice, which is much less than the errors required
to produce an appreciable deterioration in the determination of the margin from the critical power in the fuel-
rod assembly. Therefore, the DMER lattice has some redundancy as regards the necessary monitoring ac-
curacy, The design is also intended to protect the fuel-pin assemblies from erroneous extraction of any in-
dividual automatic-control rod, where each control rod should be operated with at least one internal detector.
There are seven DMEH chambers uniformly distributed over the height because of the specification for monitor-
ing the first four axial harmonics even when two detectors in one channel fail.
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The DMER detectors resemble the LAC and LEP detectors in lying in the central dry sleeves of the
fuel-pin assembly, each of which is of the same design; a DMER chamber consists of a sensitive element
filled with argon in a sealed body of corrosion-resistant steel together with a sealed high-temperature socket
and a coupling line. The maximum working témperature of the sensing element in the DMER system is 350°C;
an emission detector with a silver emitter is used. This detector is a radiation-resistant and heat-resistant
coaxjal cable made by a normal manufacturing technique used for high-temperature cables with mineral in-
sulation.

During the design of the SPMPD for the RBMK-1000, the choice of sensing element for the power-distribu-
tion monitors was essentially restricted to emission detectors with emitters composed of rhodium and silver.
Such detectors with silver emitters are rather faster in response [5], which is due to the shorter half-life of the
silver radioisotopes, as well as to more favorable g-particle energy, which means that there is only a 139
contribution or less to the detector current from the component with half-life of 2.4 min, while there is prac-
tically no contribution from the component with half-life 259 days. Also, a silver emitter has a lower rate of
burn-up (19% per year as against 34% per year for rhodium for a neutron flux density of 10'4 neutrons/cm?® -
sec), together with a much lower dependence of the sensitivity on the neutron gas temperature. Further, a
cable with a silver core is easier to manufacture and more reliable, which is extremely important for routine
production and operation.

The working life of the DMER is not less than the working life of a fuel-pin assembly (3-4 years). Operat-
ing results led to some minor changes in the detector, which amounts mainly to simplification and replacement
of some of the soldered joints by welded ones. It was found that the period of a fault-free operation for such
a detector working with air in the central tube of the fuel-pin assembly at about 300°C (with the body removed)
was much less than that in argon, which is the filling used for the standard DMER, since the working life was
then only one year, '

The seven DMEH are located in a dry sealed sleeve filled with a mixture of argon and helium. The
sleeve is set up in a channel analogous to the CPS channels and is cooled with water having an outlet tempera-
ture of up to 75°C. The sensitive element in a DMEH is the same as in the DMER and is a cylindrical spiral
of length 2.6 m. Periodic checks are provided by a tube having an internal ecdvity isolated from the volume
of the sleeve placed along the axis. The DMER and DMEH can be replaced, along with the LAC and LEP
chambers, with the reactor working. The maximum currents in the DMER and DMEH at the normal reactor
power are about 15 uA.

It is necessary to maintain a reasonably high insulation resistance Rj, in the detectors, since Rj, has a
direct effect on the current formation in the detector and thus on the accuracy [6]. The insulation resistance
varies only slightly during the working life and constitutes 108-101? Q@ with the reactor shut down for 90-95%
of the detectors or 107-10°Q with a reactor power of 25-1009 of nominal. If Rip falls below 5-10° Q, there
is a spontaneous change in the sensitivity of more than 109 that is unrelated to the input impedance of the
secondary apparatus, which is less than 100 2. The DMER and DMEH are checked mainly by scanning the
fuel-pin assemblies adjacent to the DMER as well as the central sleeves of the DMEH with the reactor working
by means of small triaxial fission chambers.

The secondary electronic equipment in the SPMPDR differs from the apparatus in other such systems
mainly in that it combines the functions of monitoring the power distribution and producing signals when
permitted levels are exceeded with the function of monitoring the relative power distribution, which includes
outputting information on deviations from the specified distribution. The relative power distribution is mon-
itored by comparing the reference levels and corresponding signals for each of the DMER as normalized to
the total signal from the DMER. A display in front of the operator presents signals when the reference levels )
are exceeded by more than 5 and 109 and when the levels fall by more than 10%. The normalization reduces the
error of the system arising from the lag in the DMER during fast changes in reactor power, while the informa-
tion displayed to the operator on the form of the power distribution is unaltered as the power changes. The
operator can estimate the deviations from the specified relative power distribution by altering the reference
levels in the relative monitoring channel over the range +15%. The total-current recorder for the DMER is
the main instrument for monitoring the reactor power.

The secondary electronic equipfnent in the SPMPDH also combines the functions of absolute and relative
monitoring of the power distribution. The structure of this system differs from that of the previous one only
in that the signal from each DMEH is normalized to the total current of the seven DMEH in one channel, not to
the total current of all detectors.
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The SPMPD provides monitoring of the power distribution in the range from 10 to 100% of the nominal
power as well as monitoring of the thermal power of the reactor in the range from 5 to 100%.

The Skala central monitoring system [7] is based on a V-3M computer and provides monitoring, process-
ing, display, and recording of most of the engineering parameters of the reactor and of the power station as
a whole. The signals from the central system are processed by the PRIZMA program, which calculates the
power for all the fuel-pin assemblies, the limiting permissible power for each fuel-pin assembly correspond-
ing to a given probability of crisis-free operation in the assembly, the reserve-power coefficient Ky relative
to the limiting acceptable power for each fuel-pin assembly and the same for the reactor as a whole, calcula-
tion of the steam content in each fuel-pin assembly, the power production by each assembly and by the reactor
as a whole, the reactivity margins, the burn-up in the DMER and DMEH, the recommended water flow rates
through the fuel-pin assemblies, the reference and maximal signal levels for the DMER and DMEH, the am-
plitudes of the axial harmonics representing height deviations in the energy distribution at the points bearing
the DMEH assemblies, overall reactor parameters (reactor power indicated by the SPMPD and the heat-
engineering instruments, nonuniformity coefficients for the power distribution, total power and flow rate in
individual parts of the reactor), the recommended displacements for the control and protection system rods,
etc. PRIZMA also performs the diagnostic processing for certain forms of reactor equipment and also ac-
cumulates data on the peripherals for subsequent statistical analysis, while providing cyclic recording of data
for analysis of emergency situations. Any cell in which the calculated or measured parameter (Ky, fuel-pin
assembly power, water flow rate, etc.) differs from the specified one is displayed to the operator. The results
are printed out as patterns with indication of the type of each channel (fuel-pin assembly, MC, SAR, AC, DMER,
etc.) together with the parameters channel by channel: water flow rate, steam content, position of CPS rod.
The pattern is accompanied by a brief summary of the general reactor parameters and a list of the 6-10 most
highly stressed fuel-pin assemblies with the maximum power and minimum K. The calculations are per-
formed in 5-8 min.

The software for the operation of the RBMK is designed to overcome the complexity or impossibility of
direct monitoring of many parameters, including ones related to safe operation of the core. These parameters
are monitored indirectly by calculations in the Skala system on the basis of results from more complex cal-
culations performed by an external BESM-6 computer. The data exchange between the BESM-6 and the central
monitoring system for the RBMK-1000 at Kursk and Chernobyl nuclear power stations is performed automatic-
ally by means of Akkord 1200M interfaces. The software for operating the RBMK-1000 includes the following:
PRIZMA for the in-station computer, BOKRUS for periodic physical calculations on the BESM-6 giving the
opimum power distribution and the positions of the control rods, BOKR, LEN, and KVARTs for BESM-6 pro-
cessing of the measgrements involved in checking the DMER, and ANALOG for periodic checking of the
PRIZMA with the BESM-6.

The profiles for the distributions of parameters such as the fuel-pin power, the channel water flow rates,
and the reference levels in the SPMPD substantially influence the safety and economy of the RBMK. A param-
eter that is to be used in optimizing any of the parameters of the reactor in design and operation is obviously
the referred cost n per kWh subject to the various constraints imposed primarily by the requirements of
power station safety. In individual instances where most of the parameters have been specified, it is permis-
sible to optimize a single parameter that influences 7. For example, in defining the mutual distributions of
the power distribution and flow rates, one uses the maximum probability of crisis-free operation in the core
for the RBMK-1000. The basic input data are here the specified macroscopic distribution for the power pro-
duction over the radius, which influences the limiting permissible reactor power, and the specific power pro-
duction in the fuel, together with the dynamic stability in the power distribution and the reactivity balance. The
specified macroscopic power distribution is determined from optimization calculations on the external com-
puter for each enlarged state of operation.

The sequence for controlling the power distribution in the RBMK-1000 includes observation on the power
distribution from the SPMPD signals, the display, and the printout patterns from the special monitor, together
with the parameters related to the power distribution (distribution of Ky, distribution of the water flow rates,
and general loop engineering parameters), which may involve outputting recommendations on changing the water
flow rates, the reference levels in the SPMPD, the positions of the correctors for the CPS chambers, all of
which employ recommendations from the central monitoring system. Further, there may be actions involving
direct control of the power distribution by displacement of the control rods and by altering the levels of the
AC or LAC transducers, together with changes in the modes of operation of the monitoring and control systems
(switching of the AC and LAC, calls for recording SPMPD signals, the calling of central monitor system data,
etc.). The number of manual operations involving the CPS rod is reduced in stationary state by factors of
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2-5 by transforming from automatic control to local automatic control. If power overload occurs in a fuel-pin
assembly, the power distribution can be regulated with or without the LAC, and the work of the operator is
simplified in the first case. FEach reloading operation for a fuel-pin assembly is preceded by adjustment of
the flow rate in the reloading region. Manual control of the power distribution is provided by alternate opera-
tion of the manual controls and the SAR, which eliminates general reactor or local deviations in radius and
height.

The monitoring and control systems thus constitute a hierarchic structure with virtually independent
base subsystems, which are combined as regards monitoring functions by means of the central monitoring
system, which lies at the top. Such structures provide high reliability and viability in the entire system, but
they impose a considerable load on the operator and other staff, who are involved in ensuring consistent opera-
tion of the individual low-level systems via manual control of the power distribution and so on.

It has become necessary to improve the control systems for the power distribution in the RBMK reactors,
and the following factors are involved:

1) increasing the specific thermal loads on the fuel and other parts of the core, with substantial increase
in the number of monitoring points and number of control units for the next generation of RBMK (RBMK-1500
and RBMKP-2400);

2) the ongoing tightening of specifications for reactor safety and reliability in nuclear power station
equipment; i

3) the need to reduce the load on the operator and to improve the economy of the power station; and
4) the need for the power station to operate in load-tracking modes.

Experience with the RBMK~1000 has given rise to practical proposals for improving these reactors; in
order to improve the power-distribution control systems, it will be necessary to make further use of com-
puters in the light of the above factors. Extension of the sphere of the computers in control involves new
problems, particularly safety aspects. It is necessary to define the correct combination of analog independent
systems with systems based on standard computers. One possible approach is a combined monitoring and
control system that includes the CPS traditional for the RBMK-1000 that works with the lateral ionization
chambers, together with a system for monitoring and controlling the power distribution (SMPD) employing
analog instruments working with the 252 radial and 80 height internal detectors and providing local protection
against major deviations from the specified margins for avoiding crisis and linear heat loading in the fuel-
pin assemblies, together with transmission of the normalized signals from the internal detectors to the
analog local automatic controls and computer, and finally a control computing system consisting of several
subsystems each with its own computer and a higher-level computer, or else one in which each subsystem
employs several computers.

Such a system will have a hierarchic structure, and the first level contains analog systems (CPS and
SMPD), which normalize and transmit detector signals to the second-level systems, which employ computers
and which process the data to present information to the operator while providing automatic management of
the energy distribution (via the CPS), as well as diagnosis of equipment states and local emergency protection
on the basis of current crisis margins and heat loads on the fuel-pin assemblies. At the third level there is
a high-power computer that performs complicated physical and optimization calculations and which provides
coupling to the external computer in the power system. :

The independent digital protection subsystem in the second level calculates the maximum permissible
signals from the internal detectors and compares these with the current signals, which provides a digital
protection function, while the CPS and SMPD provide analog protection. The control functions of the CPS and
SMPD back up the analog functions executed by the control computing system. The DMER are provided by
fast emission detectors of cable type, in which the emitter contains hafnium, while the DMEH are assemblies
of two triaxial gamma chambers. Each of the 20 channels used in height monitoring employs dry sleeves
cooled by water in the CPS loop, and four such assemblies are set up in each channel. A characteristic fea-
ture of the system is that it provides local automatic emergency protection of the reactor from erroneous
removal of any control rod. The system is designed for completely automatic control of the power distribu-
tion under stationary and transient conditions.

Future improvement of the automatic facilities and computer backup for power stations with RBMK
should not be accompanied by an increase in the amount of information output to the operator, but instead
should involve automating control and output of information to the operator only of essential data indicating
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anomalous situations not envisaged in the monitoring and control algorithms. The operator should be protected
from redundant routine information in order to be able to concentrate attention on the basic factors that deter-
mine the safety and efficiency of the reactor.
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ANALYSIS OF THERMOHYDRAULIC STABILITY IN
CHANNELS OF A BOILING REACTOR

V. N. Smolin, S. V. Shpanskii, : UDC 532.5.529
V. I. Esikov, T. K. Sedova, :
and V. P. Shishov

Thermohydraulic stability of the operating conditions in parallel steam-generating channels is one of
the factors which ensures the reliability of cooling of the fuel elements of nuclear reactors. The problem of
determining the limit of thermohydraulic stability was first formulated and solved at the contemporary level
in the research of Morozov [1]. The stability of a one-dimensional time-dependent model of flow in a channel
incorporating the linearized equations of thermohydraulics with empirical relations closing them was invest-
igated in his research. Some theoretical questions associated with the application of such an approach to com-
plex systems have been discussed by Molochnikov [2].

A program for calculating the limit of thermohydraulic stability by the D-partition method was proposed
in [3] which is based on the algorithm of [1]. However, the program of [3] permits calculating only a vertical
channel of constant cross section without local drag in intermediate cross sections. The evaporative channels
of boiling reactors constitute a complex system of sections of various transfer cross sections. They can in-
clude sections with various slopes and have local drag along the channel length. Therefore, the problem of
practical implementation of the method of calculating stability in flexible and efficiently running computer
programs has still not been definitely solved.

We will discuss the system of equations of the thermohydraulics of a one-dimensional fluid flow which
includes the continuity, momentum, and energy equations, which have the following form for a channel of con-
stant cross section without local drag (without the kinetic energy and pressure energy taken into account):

ap , 0G
fE =0
%f—+i,—§;(02v)-kf%§=—gpfsin3~ : @
—Pro—nirt '
ol

2 iy —T10,0 i i
5 T4 (@) =11%°+I'q". j

It is taken into consideration here that the wetted perimeter of the channel may consist in the general
case of two surfaces —an "outer" one (the surface of the channel lining) and an "inner" one (the sur-
face of the rods).

For a steady flow, system (1) takes the form:
G (z) =G (0);

i (2)=i 0+ o | P +T¢ ) dz;

Go S) @)

P () =p O)+5 [v(2)—v ()] +gsind [pdz+
1}

+ _;— ([1°7° - nirt) gz,
0

Sty

After linearization, a Laplace transformation, and reduction to canonical form, system (1) for small
deviations (variations) of the operating parameters is converted into a system of ordinary differential equa-~
tions whose vector form is '

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 366-369, June, 1980. Original article submitted
July 23, 1979.
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dX/dz = AX, (3)

where X is a vector whose components are the Laplace-transformed variations of the flow rate, pressure, and

enthalpy:
G (s, 2) '
X(s, z)_( (s, z)). )

i(s, 2)

The boundary-value problem in which the vector of the boundary conditions is

(s, 0)
(3]
p(s, H),
is discussed for system (3).
Any solution of system (3) has the form
X(s,2) =D 2 X (s 0), o _ . )

where & (s, 2) is the fundamental matrix of system (3) normalized at z = 0, whose columns are linearly indepen-
dent solutions of the system (3):
| | Gi(s,2) Go(s,2) Gals, 1)
o (S’ Z) = (;1 (39 Z) ;2 (S’ Z) Ps (Sv Z) .
W) Dz (s 2)

The vector of the boundary conditions is associated with the conditions at the entrance by the relation-

ship
I'=F ()X 0), | (6)
where the matrix F(s) has the form
R
F(s)= (pi (s, H) g (s, H) f( H>) : (7)

Using Eqgs. (5) and (6), we obtain an equation which relates the solution of system (3) to the vector of the
boundary conditions, viz.,

F(s)yd(s, z)X (s 2)=T.

One can write the characteristic equation whose roots determine the behavior of solution (4) in the form
det F (s) =0 ®)
with the properties of the fundamental matrix taken into account.
By substituting Eq. (7) into Eq. (8) and expandihg the determiﬁant, we obtain the characteristic equation
| | Py (s, H) = 0. G

Thus, there is no need to find the fundamental matrix 1n order to 'g.nalyze the stablhty of system (3), but
it is sufficient to find a solution with the initial conditions; G(s 0) =1, p(s, 0) = 0, and 1(s 0) = 0.

This conclusion is valid for a channel with local drag along its length or with variation in its cross
section. In this case the characteristic equation is of form (9). The channel is treated as a series of smooth .
sections with constant cross section whose boundaries are cross sections with local drag or variation or cross
section. The splicing of the solutions at the boundary of sections is accomplished on the basis of a well-known
relation for the pressure losses by local drag, which is considered as quasisteady, with the introduction of a
term which takes account of the pressure difference due to variation of cross section:

g =0 4\ G
Ap ()= (&g + T Ter 1) =0
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Fig. 1. Comparison of the experimental and calculated thermohydraulic characteristics of a model
of the circuit of a channel of the RBMK-1500 reactor (a) at a pressure of 4,8 MPa and a power of
265 kW and (b) at a pressure of 6.87 MPa and a power of 614 kW: &) circuit, OJ) channel, A) zone
of heat generation, &) exit section of the channel, O) steam —water communication, and e) water
communication. '

Fig. 2. Comparison of experimental data with the calculated stability limit at a pressure of 3.0
MPa and (a) a power of 260 kW and (b) 615 kW: ‘O) pulsation-free conditions, e) region of pulsatlon
conditions.

P C}, . ) )
] b R kg/sec a b
kg /sec a - €
2,5t L L
2,01 -
20 - -
15k -
15F -
o .
° 101 ol |
0 ] I i 05 I ] ! ] R
160 200 240 120 160 200 120 160 200 t°C 200 240 120 160-- 200 160 200 240 t0
Fig. 3 Fig. 4

Fig. 3. Comparison of the experimental data with the calculated stability limit at a pressufe of
5.0 MPa and (a) a power of 265 kW, (b) 620 kW, and (c) 1000 kW. The symbols are the same as
in Fig. 2.

Fig. 4. Comparison of experimental data with the calculated stability limit at a pressure of 7.0
MPa and (a) a power of 260 kW, (b) 625 kW, and (c) 1015 kW. The symbols are the same as in
Fig. 2.

It is assumed that the flow rate and the enthalpy do not vary due to local drag. These conditions lead

after linearization and Laplace transformation to the splicing equation in cross section zZq:

X (s, zd+0)=FdX(S, 24 —0),

where the matrix Fgq has the form
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_ G Plzg—0) .
KG_2I2(Zd—0)(i2(Zd+0) L) (24655 )
_ G? 2(zd —0)

K, T 2/2(zd—0) az (/Z(zd+0 + )

In order to close this system of thermohydraulic equations, a number of empirical relations are used .
which are considered as quasisteady. The hydraulic friction is taken into account on the basis of the formula

Az G

= Kooh —— d 2/

Apf

from which we obtain
TOP - TN = Kop 20 812 2 (oMot 1Y),

The coefficient of hydraulic friction of a single-phase flow is determined from the formula [4]

A=0.1 (1.464+ 100)“’

The coefficient which takes account of the difference between the friction of a two-phase flow and that
of a single-phase flow is found from the equation

4 551 1E
Koo=1-+3¢ (1 —¢?) ;/2“—1;15—1).

The form of the relation is obtained by analysis of the data of [5], and the numerical coefficient "3" is
selected according to the results of a determination of the hydrauhc characteristics of a model of an RBMK-
1500 channel [6].

We take heat exchange with the walls into account approximately by the formula
dty,
7=9hg— bC wpw % ,

where Qhg is the thermal flux due to heat generation which is constant in time and by is the geometrical char-

acteristic of the channel wall (the ratio of the area of the transverse cross section of the wall to the perimeter

of the heat exchange). The wall temperature for a single-phase flow is calculated with the help of the formula
Nu = 0.023Re’-*Pr0-4,

L

The procedure has been adopted for calculating the steam content of a two-phase flow which is proposed
in [7] and modified in [8], which includes the equation given below for the start of boiling, shear, and enthalpy
of the liquid phase. The enthalpy of the start of intense surface boiling has been adopted as the limit of a two-
phase flow viz.,

=i'—7.5 ‘”( 9dh )0-08( 46 )0.2.

b o G \ rp™v T
We determine shear of the phases from the formula
| 1=z vz \2\ 025
8:14—-(. ) z —z—i%_))dh 1(1»—- P )
: ' V&I, 2.5 )

The enthalpy of the liquid phase is calculated from the equation

— — - fsb
ll—l (i 2st)exp( 2‘_’b ).

We find the true mass and volume steam content from the formulas

i—7
x=ﬁl'— ?
l—lz

{—z v
—1/(14,— - s—f-).
The roots of Eq. (9) are analyzed by the D-partition method; the boundary of the regions:of existence of"
different numbers of roots with a positive real part is found by specifying the purely imaginary values of the
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Laplace transformation parameter s = jw and it is checked whether or not the operating point belongs to a

region which does not contain a single root with a positive real part.
As has been shown in [1], it is possible in the majority of practical cases to neglectthe effect of a pres-

sure variation on the remaining parameters. Then the continuity and energy equations in the system (3) are
independent of the momentum equation, and after transformation for purely imaginary values s = jw they take

the form:

G

a AGy - Ayl (10)
a6 ;
dz—I = A,Gp— Ayig;
‘ZR = AsGp+ A6 -+ Asip + A¢iy;
di , ;
';i—zl— = — AGr-+ AsG; — Agip + Asi; -
The integrated momentum equation for a smooth section of the channel takes the form
‘ “end “end
Apr= —% j Grdz+ 5 (A7G g - Agin) dz +
7 st z 1)
st
+ B, (Zénd) Gr (send — B1 (2 &t ) Gr (24t ) + Ba(Zend) in (Zend — Ba (25 ) ir (25t );
zend zend
W .
Ap =3 S Gpdz+ Y (A6, + Agiy) dz -+ . a2)
Zst st
+ B, (zend\ G, (Zend)“Bi (zst )Gy (Zst )+ Bs (Zend) i (Zend)"‘BZ (25t ) ir(2st,)-
System (10) is solved with the initial conditions
Gg(0) =1
o } : (13)
Gr(0)=igp (0)=1,(0)=0

The integrated momentum equation takes the simple form
| Cn. O

A
Ap;=-7—Gr (0)

for an input heated smooth section.

The complex plane 31 (s, H), on which the D-partition curve Ei(jw, H) = pR(w, H) + jpp(w, H) is constructed,
is selected as the D-partition plane. The values of pg(w, H) and pj(w, H) are determined from Egs. (11) and
(12), in which the solutions of the system (10) with the initial conditions (13) are used. The "operating point"
on the D-partition plane is the origin of coordinates py = 0 and py = 0. Thus, the system is stable if the curve
p (jw, H) intersects the pp axis in the positive region.

The outlined procedure for calculating stability has been implemented in the computer program CAHS
(calculation of hydrodynamic stability). The program is written in ALGOL for a BESM-6 computer and permits
calculating the limit of both aperiodic and oscillatory instability of a steam-generating channel consisting of
sections of different geometry and having local drag in arbitrary cross sections. The program CAHS has been
tested by comparing the computational results from the program with experimental data on stability limits in
a model of the circuit of a channel of the RBMK-1500 reactor [6].

The model of the circuit consisted of water communication at the input into a channel of length 11.4 m,
the heat-generation zone of the channel consisting of a bundle of seven rods with an outer diameter of 13.5 mm
and a length of 7 m, the output part of the channel ~11 m in length, and steam —water communication at the
channel exit ~29 m in length. The circuit was divided into 51 computational sections. All the spacer lattices
were taken into account as local drag. The heat capacity of the walls of the heat-generating rods and thermal
losses along the circuit were taken into account. '

370

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030005-9



Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030005-9

Comparison of the experimental hydraulic characteristics of the circuit and its sections with those

calculated from Eq. (2) with the empirical dependences given above is presented in Fig. 1. Sufficiently satis-
factory agreement of calculation with experiment is obtained, which indicates the validity of these dependences.

The stability limits are calculated for pressures of 1.0, 3.0, 5.0, and 7.0 MPa and powers in the channel

of 90, 250, 600, and 1000 kW. Comparison of the results of the calculation with the experiments is givenin Figs.
2-4. Good agreement for this kind of calculation is obtained with the experiments over the entire parameter
range investigated.

LIST OF SYMBOLS

a —thermal conductivity, m?/sec
Cp — gspecific heat, J/kg - deg
dy, — hydraulic diameter, m

f — transfer cross section, m'

2

g — gravitational acceleration, m/s ec?
G — coolant flow rate, kg/sec

H — total length of channel, m

i — enthalpy, J/kg

I — volume enthalpy, J/m?

j — imaginary unit .

p — pressure, Pa

II — perimeter, m

r — heat of vaporization, J/kg

q — thermal flux, W/m?

s — Laplace transformation parameter
T — tangential stress, N/m?

v — specific volume, m3/kg

X — mass steam content

z — coordinate along the channel axis, m
o — heat-exchange coefficient, W/m? . deg
A —absolute roughness, m

¢ —true volume steam content

At — thermal conductivity, J/m-deg

u —dynamic viscosity, Pa

v ~— kinematic viscosity, m?/sec

p — density, kg/m?

¢ — angle of inclination to horizontal .
T —time, sec

w — frequency, Hz

t — temperature, °C

INDICES

st, end — start and end of the channel section under discussion; ('), (") — water and steam on the satura-

tion line; I — liquid phase; d — local drag; o, i "outer" and "inner" parts of the perimeter; R, I — real and
imaginary parts of a complex quantity; and ~ — a quantity which has been Laplace-transformed.

no

S W

=
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APPROXIMATE METHODS OF CALCULATING
NEUTRON DISTRIBUTIONS

8. 8. Gorodkov UDC 621.039.51.12:539.125.52

Neutron distributions in reactors are commonly calculated by the homogeneous-diffusion method in which
all cells of the reactor are replaced by homogeneous cells, and neutron transport in them is described by the
diffusion equation

DIAD (1) — D (r) + S'=0. 1)

The coefficients Di, E; (homogeneous constants) and Si are constant within a single cell. The traditional
method for obtaining X is to average the true absorption cross section over the neutron flux obtained from a
kinetic calculation of an infinite uniform lattice consisting of cells of the i-th kind. A homogeneous-diffusion
cell with E}l is equivalent to thej initial cell with respect to the probability of neutron absorption in it. There
is no direct relation between D! and any characteristic of the initial cell, In this method of homogenization
an approximate relation between D and iy is established by making the simplifying assumptions that either
lq < lg, or that the neutron flux varies in an infinite uniform lattice. These assumptions are not valid for all
real cases.

Another method of homogenization is based on Selengut's assumption [1] that from the outside an equivalent
homogeneous cell should not be distinguishable from the initial cell. This approach was most completely
developed by [2]. The cells must be equivalent with respect to the Yo-symmetric and vy, -antisymmetric com-
ponents of the neutron current and flux at the surface of a cell, The values of ¥, and y; are calculated for a
single cell surrounded by an infinite moderator in which the source is located at a large distance from the
center. This leads to a symmetric or antisymmetric solution. The diffusion calculation of an infinite uniform
lattice using D and Z, obtained from Yy and v, does not lead to a result in agreement with the kinetic calcula-
tion, but by a simple renormalization of the flux and the neutron source in Eq. (1) proposed by Bonalumi,
agreement is achieved in this case also. Thus, the evaluation of the homogeneous constants of a single cell
requires three kinetic calculations,

In the heterogeneous-diffusion method developed by Galanin and Feinberg [3], all cells are filled with a
moderator, and a fuel element or an absorbing rod is simulated by a line source or sink, so that neutrons are
distributed according to the equation

DPAD (x) — 33D (x) + po®™'8 (1) =0, 2)

where ®&*t is the neutron flux at poirﬁ: r = 0 produced by all sources outside the cell, and B, is a monopole
heterogeneous constant characterizing the rod. A term of the dipole type

— 2B,V PV (r) (3)

is sometimes introduced in Eq. (2) to take account of the difference between the transport characteristics of
the rod and the moderator.

The heterogeneous method was developed under the assumption that the diffusion approximation is valid
in the moderator, and therefore it is assumed is applicable, e.g., for calculating closely spaced uranium —
water lattices which can be calculated by the homogeneous-diffusion program. If it is assumed that neutron
transport in a model cell is described by Egs. (2) and (3), parameters 8, and B; can be chosen so that this cell
will be equivalent to the initial cell inthe same sense as a homogeneous cell, Therefore, along with the homogenization
method the heterogenization method canbe used, and apparently with equal success. If the constants of one type are
known, it is not necessaryto resort to kinetic calculations of individual cells in order to find the constants of the other.
It is necessary to establish in what characteristics equivalence is required, to determine from the known homogeneous

Translated from Atomnaya I:Znergiya, Vol. 48, No. 6, pp. 370-373, June, 1980. Original article submitted
April 23, 1979, '
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(heterogeneous) constants the specific values of these characteristics, and then to find the heterogeneous
(homogeneous) constants giving the same values. Equivalent homogeneous and heterogeneous cells differ in
the external properties of the second and higher azimuthal harmonics of the neutron flux. Therefore, the
difference in the two calculations, not aggravated by other approximations, will indicate the error due to the
difference in higher azimuthal characteristics of the initial and equivalent cells. And how do the negligible
anisotropy of the neutron flux and other possible effects show up? What in general is the error of these
approaches resulting from the fact that having assumed a certain form of equivalence it is possible at once
to replace the kinetic calculation by a diffusion calculation?

It is impossible to give specific answers to these questions beforehand. A clear notion of the error of one
method or another can only be obtained by a comparison with a series of precise calculations. With this in
mind, we considered a one-velocity calculation of a hexagonal lattice by the Monte Carlo method [4]. An ele-
ment of symmetry of the lattice is shown in Fig. 1. The reflection condition is shown outside its boundary on
the right. The pitch of the lattice was 0.8 cm. The outside 66 cells are pure water (£5 = 0.02 cm-l, Tt = 2.02
cm~), and the inner 61 cells contain 0.3 cm radius rods with =g = 0.3 cm-! surrounded by water. Absorbers
with Eabs = chluel (the absorption cross section of the other rods) can be placed in cell number 7. In the six
varlants zabs and Efuel were assigned the values shown in Table 1, It was assumed that neutron scattering
is 1sotrop1c in the laboratory system, and that the neutron sources are steady in water and zero in the rods.
The Monte Carlo method was used to calculate a cell with a source in water and reflection from the boundary,
and a cell surrounded by water with a source at a considerable distance, ensuring a symmetric or antisym-
metric distribution of the neutron flux in the cell,

The methods were first compared for a simpler example of a neutron distribution described by the diffusion
equation in the infinite layered medium shown in Fig. 2, Water cells have the same properties as analogous
cells of the kinetic test, and the fuel cells have the same characteristics as the homogenized fuel cells. The
source strengths in the fuel and water cells have the same ratio as the volumes of moderator in analogous
cells of the kinetic test, and the sum of the sources over cells 1-4 is equal to 1.,

We note that the solution of the diffusion problem by any method being investigated®is naturally not a
universal test of it. Certain sources of error vanish, but the value of others stands out. In addition, it will
be useful to note whether rules established in a simple case are retained when factors that were neglected are
included, or whether these factors will act like noise, blurring a clear picture,

After the homogenization constants have been determined for the homogeneous equations, and the hetero-
geneous constants for the heterogeneous equations, there arises the question of how to solve these equations.
In the homogeneous case the boundaries of a cell can be squared up along vertical lines (cf. Fig. 2). The two-
region one-dimensional problem obtained is solved analytically, and the result is compared with the exact
solution of the diffusion test. The diffusion equations with line sources in an infinite moderator also can be
solved exactly by using a Green's function.

As a rule, a two-dimensional homogeneous-diffusion problem cannot be reduced to a one-dimensional
problem, and its solution requires spanning the computational field with a certain net and replacing the dif-
ferential operators by finite~-difference operators over this net. A very coarse net with one node per cell is
most frequently used. Since this approximation, called hereafter the homogeneous -net approximation, is dif-
ficult to test for hexagonal cells by a change of pitch, it is more interesting to compare it with the exact cal-
culation.

The finite-difference approximation was developed by mathematicians under conditions such that the result
approaches the exact solution as the pitch of the net approaches zero. Physicists would be interested in a
scheme giving the smallest deviation for a givern pitch, and without a significant complication of the form of the
equations. One such scheme can be obtained by the Laletin —El'shin method [5] in which the transport equa-
tion is solved by synthesizing several sets of solutions in individual cells. The relations between the amplitudes
of such solutions have the form of linear equations. If the input set is a Bonalumi complex of solutions, the
linear equations have the same form as the homogeneous —net equations, differing from them in coefficients,
the meaning of the variables, and the physical results. Another approach for increasing the accuracy of the
finite-difference approximation was proposed by Marakazov [6].

The various methods employed in the diffusion test were compared through A 5 = 'q?l,zzav — the absorption
in the first and second fuel cells, and A = A; + A,, which for a given source normalization will be the thermal
utilization, The input data and results of the comparison are given in Tables 2 and 3.
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Fig. 1. El_ement of symmetry of lattice for
two-dimensional kinetic test,

Fig. 2. Problem for diffusion test:
34 = 0.02; D34 = 0.1652

Variant it D!»2
1 0.2502 - 0.238
2 0.4625 0.207
3 0.8004 0.167

TABLE 1. Input Data for Hexagonal Lattice

] Variant
1|2 3'4’5]6

Characteristic

sl em-t | o5 | 05 | 1,0 ] 1,0 | 2.0 | 2,0

ab
3, $ , cm-t 0,5 | 2,0 1,0 | 2,0 | 2,0 | 4,0

TABLE 2. Input Data and Results of Exact
Solution for the Diffusion .Test-

Variant
Characteristic
1 ] 2 ] 3

b eml 0,250 0,463 0,800
D12 em-t 0,238 0,207 0,167
234 emt 0,020 0,020 0,020
D34 em-t 0,165 0,165 0,185
A, 0,377 0,342 0,285
A, 0,488 0,549 0,619
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TABLE 3. Deviations of Approximate Solutions
of Diffusion Problem from Exact Solution

— Vari- [(A = Aexact) ' | sai/aL | b4y/a
Approximation lant {102 % o
Homogenéous -net| 1 0,80 —0,40 | —1,37

2 1,00 0,65 —2,24

3 1,36 3,45 —3,82

tin—F1'shi 1 0,20 0,22 | —0,45
Laletin=El'shin | 022 0,05 | —1,04
3 0,25 3,00 —1,72

PR N 0,08 0,28 —0,26
Ea'-Heterogemza 2 010 o7s | Zo'%0
tion 3 0,13 2,23 | —1,31
y -Heterogeniza- 1 0,10 0,10 0,11
tion 2 0,41 0,10 0,11
’ 3 0,11 0,10 0,11
arakazov [6 1 0,06 0,15 [ —0,06
M [6) 2 0,10 0,60 | —0,25
3 0,17 1,76 -0,59

TABLE 4, Deviation of Approximate Solutions of Kinetic Problem from the Solution by the
Monte Carlo Method '

vari- ari-

— .|V —_
Approximation |ant 89.103 V@/ER. %| owq/@r, % |Approximation |5n¢ 66103 Vé@';’{/(bg, %| 6@1/D7, %
- 1 —1,3 0,7 —0,5 1 —1,6 1,5 0,5
HomogeneousTl 5 | 200 1.3 —2.3 3 | —1.8 11 0.0
5 —2,8 3,9 —5,8 5 —1,1 2,0 —2,5
2 —2,7 1,7 —6,3 Laletin— 2 —1,3 270 0,0
4| —0.9 3,5 —88 | p1'shin 4 | =05 1,6 3,4
6 —3,5 4,0 —9,8 6 —1,5 1,6 —3,3
£, ~Hetero- 1 —0,8 2,6 3.8 I pitto with 1 0,4 0,9 0,3
genization N 3.0 38 | implified cell| 3 0.7 0.8 —0.3
#’ ’ ’ calculations 5 1,1 0,9 —1,2
2 1,6 3,2 6,3
4 2,5 1,0 2,2
’ ! ! 2 1,6 1,5 0,5
6 1,6 2,1 3,5 4 1,8 1,9 —2,5
6 0,7 0,8 —1,0
y -Heterogenizar 1 —0,1 1,8 2,2
tion 3 0,0 %,2 %,g
5 0,9 ,8 ,
Error of cal- 0,6 0,5 1,0
9 0.4 2.8 5.1 culation by
4 1,6 0,7 1,2 Monte Carlo
6 0,8 1,1 1,7 method

Note: 6, thermal utilization; ®, average neutron flux in rods; and &, average neutron
flux in an absorbing rod.

The quality of y-equivalent heterogenization should be noted, It indicates the clear advantage of Selengut

equivalence over the traditional Z ,-equivalence. The large error of the homogeneous-net method can be sub-
stantially decreased by using the Laletin—El'shin and Marakazov methods.

On the basis of the diffusion test, in which the errors are due only to the coarse net and higher harmonics,
it is possible to estimate each method accurately, but in the kinetic test, the results of which are shown in
Table 4, the situation turns out to be more complicated. No one of the methods investigated is quantitatively
better than all the others. It is true that y-heterogenization and the Laletin—El'shin methods using three cell
calculations instead of two give somewhat better results, It should be noted, however, that in the problem under
discussion, where most of the neutrons are created outside the fuel cells, the calculation of a uniform lattice
to obtain Z, to use in the homogeneous-net and Z,-heterogeneous approximations is not sufficiently character-
istic. The use of less adequate unit cell calculations does not necessarily worsen the results. For example,
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in calculations by the Laletin—El'shin method the use of symmetric cell calculations in the Gj approximation
and antisymmetric calculations in the P, approximation, without taking account of absorption in water, im-
proved the agreement with the exact solution at most points. This and the fact that the first variant shows
that the homogeneous-net method is most the "best" indicatean increase in the statistical part of the error
due to the various factors which were not taken into account. In this problem the number of such factors is
small. In more realistic cases these factors include complex composition and geometry, resonances, energy
spectra, heat and mass transfer, three dimensionality, etc. If no one of the methods demonstrates an over-
whelming advantage over the others in a simple problem, one can hardly expect this in more complicated
problems. Therefore, in calculating neutron distributions in large power reactors using characteristics of
individual cells, one method is as good as another,

Thus, the choice of this or that method of calculating a specific assembly is made largely on technological
grounds. In problems with hexagonal cells and substantially different diffusion coefficients (VVER), homogene~
ous program are preferable, while in problems with square cells containing relatively narrow channels (RBMK),
a homogeneous five-point algorithm will be an appreciable error, and a heterogeneous algorithm, particularly
in the monopole Variant,‘becomes preferable,

The author thanks A, S, Il'yashenko ahd A. D. Frank-Kamenetskii for calculating the characteristics of
individual cells by the Monte Carlo method, and L. V. Maiorov and Ya. V. Shevelev for a discussion of the
results of the work. ‘ '
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NUMERICAL STUDY OF THE DISTRIBUTION FROM A
PULSED SOURCE OF 14-MeV NEUTRONS IN AN INFINITE
TWO-LAYER CYLINDRICAL MEDIUM

A. A, Morozov, R, A, Rezvanov, ' ‘ UDC 539.125.52:518.61
and A, I. Khisamutdinov ' :

Statement of the Problem. The present article extends the work of [1] to the study of the distribution from
a pulsed isotropic point source of 14~MeV neutrons. Above the energy of 1.4 MeV considered in [1], various
inelastic processes occur, and the use of a library of detailed "pointwise™ nuclear data such as the ENDL
library [2] becomes necessary and justified. At Ej= 1.4 MeV the standard ABBN system of group constants
[3] and ENDL give nearly the same results (cf. [1]). In the present work the neutron distribution is calculated
numerically by the Monte Carlo method on the basis of the ENDL library., The method and program used are
the same as in [1]. The choice of 14 MeV was dictated by the availability of generators producing neutrons of
this energy.

Suppose an infinite homogeneous medium (stratum) is penetrated by an infinitely long cylindrical hole of
radius R. The hole is filled with water (H,0), and the stratum consists of (1 — m) parts by volume of sandstone
(810,) of density 2.65 g/cm?® and m parts of water (H,0) (0 =m =1). A point monoenergetic isotropic pulsed '
neutron source is located in the hole. To calculate the neutron distribution it is necessary to evaluate integrals
over a spherical volume V of radius 2 cm inside the hole: ‘

T+AT E+AE
J = 1/VAT SSSdr [ o | dE’S O(r, ', Q, 1) dQ. 1)
(V) T E
Here r is the spatial coordinate; E', energy; €, direction vector; t, time; &(r, E', Q, t), differential neutron
flux; and T and T + AT, E and E + AE, boundaries of the time and energy intervals, respectively. The space-—
time and energy distributions of neutrons and the dependence of the energy distributions on m are determined
by the functionals J.

Model of the Interaction of Neutrons with Matter. In the thermal region (E < 0.215 eV) a one-velocity
model of the diffusion of 0.0252-eV neutrons was assumed with isotropic scattering in the laboratory system.
The total macroscopic cross sections ¥ and macroscopic scattering cross sections Zg, were choseninaccord
with the known published values of the diffusion coefficients D and lifetime 7. For H,0O we took £ = 2.0952
emt, T4 = 2,0725 cm-, and for SiO, = = 0,2486 cm-!, 4= 0.2444 cm~!, The model chosen for the interaction
with matter of neutrons having energies E > 0.215 eV was based on the ENDL library.

Results of Calculations. To investigate the effect of the choice of neutron data on the neutron distribution,
calculations were performed and the results compared with data from [2] (Tables 1 and 2). Table 1 compares
the calculated time distribution of the thermal neutron (E < 0.215 eV) flux density at the probe (distance from
source to center of sphere z = 10 ¢cm on the axis of the hole for m = 0.2). The error of the results was not
reported in [2].

The numbers in the first column of Table 1 are the values of the upper limit of the time interval T + AT;

" the numbers in a row refer to the corresponding interval (T, T + AT); the value of T is found in the preceding
row of the first column; for the first time interval T = 0, Table 2 compares the calculated epithermal (0.215-
100 eV) neutron flux density on the axis of the hole with data from [2] recalculated by using the Fermi spectrum
in the 0.125-100 eV energy range for the steady-state case,

Tables 1 and 2 show qualitatively the same dependence but widely different absolute values. Figures 1-4
show the results calculated for five different energy ranges and two positions of the source —sphere center
axis (V): centric (c) when this axis coincides with the axis of the hole and eccentric (e) when this axis is 7.85
cm from the axis of the hole. The calculations were performed for R = 9.85 cm; the limits of the time intervals
were chosen so as to obtain a satisfactorily sharp representation of the time spectra. In particular, in Figs.

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 374-376, June, 1980. Original article submitted
February 14, 1979,
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TABLE 1. Comparison of Thermal Neutron
Flux Calculated Using INNK-MK Program
with Data from [2] (cm?: sec)-t

T4+ ar |Results using INNK-MK  |Data from [2]

100 2,110 (13,1 %) 6,4-10°
200 1,5-10° (13,9 %) 3,6-10°
300 8,1.10- (13,0 %) 2,1.100
400 4,8.107 (13,8 %) 1,2-100
500 2,710t (19,1 %) 6,1-1071
600 1,6-1071 (14,2 %) 3,3.10t
700 9,8.10"2 (17,1 %) 2,2.107!

Note: Error is indicated in parentheses.

TABLE 2. Comparison of Epithermal Neutron '
Flux Density with Data from [2] (cm?- sec)~L _

z, cm Present work Data from [2]
0o . 2,448-107% (13,1 %) 4,92.10~4
10 9,101-1075 (24,9 %) 2,09.10-4

Note: Error is indicated in parentheses.

Ty 34,78 12,3,4,5 6,1,8 B = 54,7,8 ’
) S I 1 S 1 | L1 | . [

] 1 i 1
T e 07 t,sec w0 107 s 8 07 0%, sec

1

1
1071

Fig. 1 . Fig. 2

Fig. 1. Time dependence of the neutron flux in the 1.4-14-MeV range (1-4) and the 0.2-1.4-MeV
range (5-8): —) curve 1, z = 0, c case; ---) curve 2, z = 0, e case; ---) curve 3, z= 10 cm, ¢
case: -..-) curve 4, z = 10 cm, e case; ®) corresponding curves 5-8,

Fig. 2. Time dependence of neutron flux in the 4.65-keV-0.2-MeV range (1-4) and the 100-eV-
4.65-keV range (5-8). Notation same as in Fig, 1.
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Fig. 3. Time dependence of neutron flux in the 0.215-100-eV range: —) curve 1,z=0, m =0,
¢ case: ---) curve 2,z =0, m = 0, e case; ---) curve 3, z = 0, m = 0.2, e case; ®) corresponding

curves 4-6 for z = 10 cm.

Fig. 4. Time dependence of neutron flux in the 0-0.215-eV range. Notation for curves 1 and 2
same as in Fig, 3; -.-) curve 3, z= 0, m = 0.2, : case; - .+=) curve 4, z = 0, m = 0,2, e case;
®) corresponding curves for z = 10 cm.,

1-4 the positions of the maxima for these spectra can be distinguished.

A comparison of the values of J for thermal and epithermal neutrons for initial energies of 1.4 MeV [1]
and 14 MeV shows that ’

Jiamev 'V 1s Mev = (0 = 10).

Let us compare the results for the centric and eccentric positions of the source —sphere center axis (V),
For thermal neutrons the values of J are larger for the centric position than for the eccentric. For the other
energy intervals the behavior is the following: at the maxima the values are nearly the same, but at later times
the values for the eccentric position decrease smoothly.

Certain characteristic features of the dependence of J on m for epithermal neutrons can be understood
from Fig. 3. Atz = 0 the values of J for m = 0 and m = 0.2 begin to differ from t = 10-% sec, and at z = 10 cm
from t ~ 7.5+10~% sec. For m = 0 the spectrum extends to 2 .10~ sec, but for m = 0.2, only to 5 *107° sec.

Thus, the 1. 10-5-5.10-5 sec interval can be used to determine the moisture content of the stratum for
m = 0.2; for m < 0.2 it is necessary to use intervals with a larger value of the time. We note that these state-
ments give concrete form to certain prognostic conclusions in [6] where the dependence of the slowing down
density on m was analyzed for a source E, = 2.45 MeV. For the general character of the time, that for a
stratum penetrated by a hole, the epithermal neutron flux is cut off sharply at a certain t; the cutoff time
increases with decreasing m and with the displacement of the instrument from the axis of the hole,

Computation Time and Errors. The caleulation of all the curves of Figs. 1-4 required 42 h of machine
time on a BESM-6. The standard relative error of the results was ~10-15%.

With an increase in the probe distance z there is an increase in the volume of computational work
(v.c.w.) necessary to achieve a given accuracy. Thus, in the eccentric position for epithermal neutrons in the
time interval 10~7-10-% sec the values of the v.c.w. to obtain the same accuracy of the results at probe dis-
tances z = 0, 10, 20, 30 cm will be approximately in the ratio 1:2:7:9. For thermal neutrons the estimate of
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the v,c.w, will evidently be the same. For fast neutrons the v.c.w, increases more rapidly with increasing
z. For example, for E, = 1.4 MeV in the centric position in the energy range 100 eV-4.65 keV the values of
the v.c.w. for the neutron density close to the time maximum for probe distances z = 0, 10, 20 cm are in the
approximate ratio 1: 16:400.

All the numerical values of the neutron fluxes and their statistical errors are given in a report of the
Computation Center of the Siberian Branch of the Academy of Sciences of the USSR,
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DETERMINATION OF THE DETAILS OF THE RESONANCE
STRUCTURE OF BOTH THE TOTAL CROSS SECTION AND
THE FISSION CROSS SECTION OF 235Uy AND 23%py FOR

2 eV-20-keV NEUTRONS '

A. A, Van'kov, Yu. V. Grigor'ev, UDC 621.039.51
V. F. Ukraintsev, T. Bakalov, '

G. Ilchev, S. Toshkov,

Chan-Khan'-Mai, and N. Yaneva

When fast reactors are calculated with the aid of the system of BNAB group constants [1], one must know
both the average group cross sections of the fuel nuclides and the design materials and the factors of their
resonance self-shielding, These factors are calculated from the resonance parameters of the corresponding
nuclides. In the range of unresolved resonances, the errors of both the computer model and the initial data
(average resonance parameters) imply considerable errors of the factors of self-shielding (~20-30%) [2]. It
is therefore necessary to directly measure the average characteristics of the resonance structures of the
cross sections at resolved and unresolved resonances,

The present work presented the results of measurements of those characteristics; the measurements
were made with the technique of neutron transmission and self-indication in 235U and 239Py; the average total
cross sections and the factors of the resonance self-shielding of the total cross section and the fission cross
section were determined at 2 eV-20 keV,.

Experimental Technique. The transmission function and the fission self-indication function

(T (@)= o(B)e(B) exp[—o, (E) 2] dE[ 5 6 (E)dE (1)
AE
(T (x))_S ¢ (E) 0, (E) exp[—0,(E) x]dE/S (EYo,(E)dE (2)

AE
were calculated, where o¢(E) and of(E) denote the total cross Sectlon and the fission cross section of the iso-

tope under consideration; ¢ (E), neutron spectrum; &(E), efficiency of the neutron detector; x, sample thickness;
and AE, interval over which the energy was averaged.

The experimental (T(x)) and (Tf(x)) values can be used to determine the parameters of the resonance
structure of the cross sections and the factors of resonance self-shielding of both the total cross section and

the fission cross section [3]:
'ft = T‘lts_ [ <Ot—1i—00>/<(01-£00)2> ) .—00] ; (3)

(Uf) <(C’t+0‘o) /<ﬁa‘)> ’ v 4)

where o, denotes the cross section of neutron thinning,

T(x) and Tf(x) were determined from the flight time with the aid of a neutron spectrometer on the base
of a pulsed fast IBR-30 reactor. Counters with 3He [4] were used as neutron detectors in the measurements
of the transmissivity T(x). The resolution was about 100 nsec/m. Fast-response multilayer fission chambers
containing uranium and plutonium layers [5] were used as detectors for the self-indication of fission., The
2357 layer thickness was 2 mg/cm?, the total amount of 235U was 2 g; the corresponding figures for 23?Pu were
0.5 mg/cm? and 0.5 g.- The efficiency of fission fragment recording in the fission chambers was measured at
the individual resonances and amounted to 50-70%. The resolution in the measurements of self-indication
Ty(x) was 53 nsec/m. : '

The samples were disks of metallic uranium (with 10% 2*3U) and plutonium having a diameter of 50-80
mm; the disks had been placed into sealed stainless-steel jackets, The 238UAcorrectio_n was calculated from the
parameters obtained from the evaluation of the transmissivity data [6].

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 377-381, June, 1980. Original article submitted
August 6, 1978,

0038-531X/80/4806-0381$07,50© 1980 Plenum Publishing Corporation 381

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030005-9



Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030005-9

4000"

Jooo

2000t

No. of counts

1000

T

1 |

| ! 1 I 1 l L ! L 1 ]
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 71300 1400 1500

Channel number

Fig, 1. Instrument spectrum of the flight time (base length of the flight path
1000 m; channel width 32 usec) for a better detector with *He; %3*Pu sample
and manganese and tungsten resonance filters inserted into the neutron beam.
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Fig. 2. Instrument spectrum of the flight time (base length of the flight path
59 m, channel width 2 ysec) for a uranium fission chamber; 235y sample and
manganese and tungsten resonance filters inserted into the neutron beam.

TABLE 1. Factors of Resonance Self-Shielding of the Total Cross Section and the Fission
Cross Section of 235U

Experiment
No. of
group E, fy (00) 13 (o)
0 | 1] 100 | 103 0 { 10 | 102 103

11 21,5—10kev| 0,923 0,930 0,965 0,99 0,959 0,966 0,987 0,998
12 10—4,65 0,882 0,905 0,967 0,995 0,931 0,949 0,984 0,998
13 4,65—2,15 | 0,779 0,830 0,948 0,993 0,912 0,937 0,982 0,997
14 2,15—1,0 0,734 0,772 0,907 0,987 0,883 0,907 0,968 0,995
15 1000—465eV | 0,606 0,700 0,825 0,953 0,740 0,817 0,945 0,992
16 465—215 0,545 0,592 0,812 0,972 0,622 0,696 0,887 0,989
17 215—100 0,507 0,545 0,759 0,961 0,624 0,679 0,861 0,979
18 100—46,5 0,377 0,407 0,633 0,933 0,530 0,584 0,796 0,966
19 46,5—21,5 0,296 0,335 0,542 0,861 0,407 0,476 0,701 0,928
20 21,5--10,0 0,269 0,290 0,406 0,705 0,409 0,450 0,609 0,860
21 10,0—4,65 0,270 0,332 0,489 0,832 0,344 0,379 0,359 0,838
22 4,65—2,15 0,578 0,667 0,826 0,963 0,672 0,725 0,872 0,977
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Fig. 3. Transmission function T(x) and Ty(x) for a) 25U and b) 2¥Pu; averaging in the energy
group of BNAB: O) T(x); a) Tg(x).
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Fig. 4. Factors of resonance self-shielding of the total cross section (f) and of the fission
cross section (f) for #5U at various cross sections g, of thinning: @) present work; —)
BNAB-78; ---) [9]; O) [10]; the group numbers are indicated on the upper abscissa scale,

Fig. 5. Factors of resonance self-shielding of the total cross section (fy) and of the fis-

sion cross section (f;) for 2*°Pu at various cross sections 0y of thinning (the notation is the
same as in Fig. 4). '
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TABLE 2, Factors of the Resonance Self-Shielding of the Total Cross Section and the Fission
Cross Section of 23%py

No of Experiment

00 . (5

group E, 14 (00) Ty @)

0 10 102 103 0 10 | 102 | 103

11 21,5—10kev| 0,836 0,918 0,986 0,998 0,974 0,987 0,999 1,000
12 10—4,65 0,785 0,880 0,978 0,998 0,872 0,928 0,986 0,998
13 4,65—2,15 0,728 0,778 0,924 0,990 0,765 0,826 0,948 0,994
14 2,15—1 0,598 0,650 0,858 0,981 0,688 0,758 0,920 0,990
15 1000—465ev| 0,386 0,475 0,696 0,909 0,598 0,676 0,831 0,960
16 465—215 0,361 0,450 0,716 0,909 0,541 0,605 0,757 0,927
17 215—100 0,269 0,300 0,521 0,829 0,435 0,485 0,664 0,883
18 100—46,5 0,165 0,190 0,357 0,672 0,300 0,360 0,658 0,835
19 46,5—21,5 0,162 0,184 0,304 0,660 0,235 0,260 0,399 0,778
20 21,5—10 0,124 0,134 0,229 0,609 0,167 0,199 0,366 0,757
21 10—4,65 0,224 0,233 0,303 0,605 0,198 0,225 0,367 0,736

TABLE 3. Total Cross Sections (b) of 235U
and 2%®Pu at the Center of Groups

No. (o) for- 235y (o) for =39Pu

of E, calc. with alc. with

groupl expt. SNAB-T8 expt. |pnaB-78
11 |10—21,5keV |14,74-0,6| 14,7 |14,5+0,6] 14,8
12 |4,65—10 16,8+0,6( 17,2 [19,8+0,9| 15,7
13 |2,656—4,65 [20,4+0,8 21,5 |20,1+0,9( 18,0
14 11—2,65 24,240,9 26,0 [20,9+0,8; 20,7
15 |0,465—1 27,2+1,2| 30,8 |33,5x+1,3 28,4
16 |215—465ev [37,5+1,3) 36,4 |42,6+1,7| 38,9
17 [100—215  146,1+1,5! 45,6 (56,8+2,4] 50,3
18 146,0—100 63,1+1,5| 62,1 | 112+6 99,9
19 [21,5—46,5 [80,1+2,4| 83,1 66+4 62,4
20 |10—21,5 108-+4 102,5 | 179+8 178,7
21 (4,65—10 94+3 94,1 76x4 76,6

-The intrinsic background of the detectors was checked during the measurements. In the case of the
counters with 3He the background was small and reached 0.4% for the maximum thickness of the uranium.
The intrinsic background of the fission chambers was higher and amounted to ~11 and 18% for the maximum
sample thickness in the uranium and plutonium chambers, respectively. The time-dependent background of
the reactor was determined in the open beam for each sample thickness with the technique of resonance filters.
Titanium, manganese, tungsten, indium, and cadmium were used as filters, Furthermore, the background
could be determined at the resonance energies of uranium and plutonium with nopax > 1 (where opyax denotes _
the cross section at the resonance maximum), Figure 1 shows the equipment-dependent spectrum of the
counters with *He in the measurements involving a 0.00822-nuclei/b (1 b = 10728 m?2) plutonium sample and
manganese and tungsten filters, Figure 2 shows the equipment-dependent spectrum of the uranium chamber in
measurements with a 0.00515-nuclei/b uranium sample and the same filters. The energy range above 3 keV
falls within the first few dozen channels, In this region the background was determined by placing into the
beam a titanium filter which led to the development of resonance minima at 3.8 and 18 keV, The dependence
of the background upon the channel number was approximated with a polynomial on a computer and subtracted
from the instrument spectrum.

The background in the beam without sample reached 2-5% in the case of the detector with 3He and
amounted to 20-40% for the maximum of the sample thickness. In the case of the fission chambers, the cor-
responding figures were 5-15% in the beam without sample and up to 30-60% at the maximum of the sample
thickness.

Resuilts of the Measurements. Figure 3 shows the thickness dependence of the transmissivity and the
fission self-indication of 23%U and %*®Pu for the energy intervals assumed in the system of the BNAB constants.
The error of the results depended basically upon the error made in evaluating the background measurements.
The statistical error of the transmissivity at the center of a group did not exceed 0.5% in all measurement
series.
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Some time ago [7, 8] the results of measurements of the self-indication of uranium and plutonium fis-
sion in the thickness ranges 0.00035-0.014 and 0.00015-0.0079 nuclei/b, respectively, were published. Our
data on the self-indication are in rather good agreement with those data within the thickness and energy
intervals compared.

In order to determine the parameters of the structure of the cross section in the form of subgroup
parameters [3], the transmissivity and self-indication functions were processed with programs of the least-
square method. These parameters were used to determine the factors of the resonance self-shielding for
the various cross sections oy of thinning. The data are indicated in Tables 1 and 2, Figures 4 and 5 show the

~energy dependence of the factors of self-shielding of the total cross section ft(c;) and of the fission cross

section fg(oy) for the cross sections 0.100 and 1000 b of thinning. The figures include for comparison the
calculated foreign data [9, 10] and the FEI determinations made on the basis of BNAB-78 (calculations of [1}
with certain corrections). The error of the factors f; of self-shielding at 1-21 keV and o, = 0 amounts to 8-
10%, but reaches only 5-7% below 1 keV, For the factors ft, the error amounted to ~5% at the same energy to
3-5% at energies below 1 keV. The accuracy of f; and ff increases with increasing o,. The results for (G't>
are listed in Table 3.

Conclusions, It follows from Fig. 4 and 5 that the spread in the calculations of the factors of resonance:
self-shielding is extremely large. Our data for %U and ?*%Pu are in regard to the factors f; systematically
below the calculated values at energies above 1 keV. The experimental values are much larger than the values
calculated with BNAB for the factors f; of 239pu,

The authors consider it a pleasant duty to express their gratitude to L. B. Pikel'ner, M. N. Nikolaev,
and A. M. Tsibul' for useful discussions. '
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WAVEGUIDE PROBING USED FOR THE DOSIMETRY OF
BREMSSTRAHLUNG IN HIGH-CURRENT ACCELERATORS

Yu., P, Bakulin, A, P. Korotov Kikh, UDC 539.12.08
and N. N. Morozov

The development of experimental investigations in the bremsstrahlung fields of high-current accelerators
is closely related to the development of dosimetry techniques which must have broad dynamic ranges from 103
to 101 A/kg and a resolution of nanoseconds. Most widely employed are techniques based on luminescent and
optical properties of solids [1-3] and semiconductor detectors [4] at dose rates below 107 A/kg [5-17].

In the last few years methods having an upper limit of the dynamic range at 10'° A/kg were proposed;
these methods are based on direct-charge detectors [8], pyroelectric detectors of radiation [9], and bolometers.
But the problem of developing methods with a metrological foundation and instruments for absolute measure-
ments of the dose rate of ionizing radiations with high intensity was not solved because -of the well-known dif-
ficulties encountered in calibrating the instruments,

Calibi‘atio;x in reference fields with a low dose rate (10-? A/kg) and with a monoenergetic radiation
spectrum, followed by the transfer of the units to the range of high dose rates, is most frequently employed.
This technique does not allow to create a measuring system with errors consistuent with the requirements of
practical applications,

The method: listed above are based on solid-state converters of the energy of the ionizing radiation,
though when work is done in a field of pulsed photon radiation, the use of a material of low density (gas) is not
less promising. It should be noted that the physical limit of the ionization technique is 10!5 A/kg [10] but con-
ventional ionization chambers allow measurements of the exposure dose rate of at most 10> A/kg with a re-
solution not greater than 10~° sec,

Superhigh quality probing makes it possible to extend the dynamic range of the ionization technique to
10° A/kg with a resolution of nanoseconds [11, 12]. For meadsuring a dose rate in excess of 103 A/kg with a
probing technique with a waveguide is most promising. :

Absolute measurements of the dose rate with the aid of ionization techniques suggest that a volume of
homogeneous sensitivity be employed. In our work we used a wall chamber in the form of a cylindrical 5-mm-
thick radiator made from an air-equivalent plastic (C;HO,), with an air-filled Bragg plane (height ~0.5 mm).
The measuring waveguide had the form of a strip line of special design the conductors of which were distributed
on flat surfaces enclosing a cavity. The conductors were in the form of an aluminum coating with a thickness
of ~10 um. In order to avoid an additional dependence related to the rigidity caused by the metal, a 20-30-pum-
thick layer of the (C;HgO,)p, plastic was applied on top of the metallized coating. The dimensions of the detector
did not exceed 50 x 10mm.

The prébing was made at 400 MHz so thatat a ~120-nsec~long emission pulse, the fine structure of the
pulse could be distinguished, that the hf noise generated during accelerator operation could be eliminated,
and that long (~30 m) cables could be employed at relatively low losses of hf power in the measuring system.,

The attenuation of the wave in the waveguide containing the ionizing gas was directly measured:

n () = In EJ/E (1),

where E(t) and E; denote the amplitude of the probing field at the output of the waveguide with and without
plasma, respectively.

~ The attenuation n(t) is related to the conductivity ¢ of the ionized air (conductivity averaged over the
volume) by the formula
2nL
M (1) ="=0(),

[

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 381-383, June, 1980. Original article submitted
August 20, 1979.
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Fig. 1, Normalized oscillograms of the time
dependence of the dose rate recorded with: 1)
"scintillation and 2) hf detectors.

TABLE 1. Comparison of the Results of Dose
Measurements Made with the Ionization Technique
(IT) and Thermoluminescence Technique (TT)

. Dose (P) per pulse . Ratio of

No. of (P) per p CIT/TT | peak ampls.,

expt. 1T I TT
1 15,7 15,2 0,97 . 10,4
) 22,4 22,5 1,14 1117
3 9.3 10,7 1,15 12,3
4 107 12,6 1,17 9,5
5 13,0 13,8 1,06 10,5
6 11,2 13,4 1,20 8.9
7 15.9 17,5 1,10 12,6
8 19,6 20,2 1,03 13,1
9 128 15,3 1,20 12,6
10 13,3 12,6 0,95 12,1

where L denotes the length of the plasma-filled waveguide.

It was shown in [12] that the conductivity of the air (conductivity defined by the usual constants such as ‘
the lifetime and the mobility of the electrons) depends upon the ionization I which, in turn, according to the .
Bragg —Grey theory, is related to the dose absorbed by the walls of the radiator:

D — kSSrel [

The notation is interpreted as follows: k, coefficient depending upon the system of units'employed £, éverage--
energy of forming an ion in the gas filling the cavity; S,..;, linear stoppmg power of the radlator relative to
the gas. :

In the case of the air-equivalent (CzHgO,)y plastic, Spel ~ 0.92 and the dependence upon the rigidity did ‘
not exceed 15% at E ~ 0.05 MeV [13]. In the source of pulsed photon emission used in our experiments, the
relative quantum yield was less than 10% at E =< 100 keV [14] which implies an additional error of <4% in the
measurements of the absolute values of the exposure dose rate.

The temporal resolutlon of the technique depends upon the lifetime of the conduction electron in the gas
and amounts to 9-10-? sec in the case of air under standard conditions. The resolution can be improved by
one order of magnitude by adding a small amount (~ 0.1%) of sulfur hexafluoride to the air. In this case the
upper limit of the dynamic range is improved by one or two orders of magnitude. It appears unsuitable to _
employ larger quantities of SFy because even at a partial pressure of the order of several hundred Pascals,
the capture of electrons by the molecules reaches saturation [15], as confirmed by preliminary experiments
made on linear electron accelerators.

Two identical chambers were employed in our experiments: one was filled with dry air under normal
pressure, the other with a mixture of air and SFg (partial pressure of air and SFg: 1.01.10° and 1.33- 10? Pa,
respectively).

The results of measuring the dose rate with the ionization technique were compared with readings of
integral thermoluminescent LiF dosimeters, and the shape of the dose rate curve with the shape of the pulse
appearing at the output of a scintillation detector (see Fig. 1). A broadband S$8-12 oscilloscope with a band-
width of 50 MHz was used to record the pulsed component of wave attenuation in the waveguide. The results of
the measurements are listed in Table 1. The ratio of the peak values of attenuation in air and the correspond-
ing attenuation in a gas mixture (gas + SFG) are listed in the last column.
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The discrepancy of the results obtained with the ionization technique and the thermoluminescence tech-
nique does not exceed 20%. The readings obtained with the air-filled chamber differ from the readings of the
same chamber filled with a mixture of gas and SF; by more than one order of magnitude, The spread of the
ratio of the peak values of attenuation seems to be associated with gradients of the field of photon radiation
and the errors made in the measurement of the voltage pulsed.

The errors of the technique depend mainly upon the errors of the known values of the constants (lifetime
and mobility of the conduction electrons), and upon the errors of the instruments used to measure the nano-
second voltage pulse. In the experiments the error of measuring the voltage pulsed did not exceed 10%. The
lifetime of the electrons in air was experimentally measured with an error of 15% [16]. In [17] the effective
mobility of the electrons was determined in air and the values obtained agree within a 5% limit with the values
listed in [18]. This means that there is reason to assume that the total error made in the determination of the
absolute dose rate does not exceed 30%.
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A METHOD FOR DETERMINING ISOTOPE COMPOSITION
BY COULOMB EXCITATION OF NUCLEI

V. N, Bugrov, V. V. Kamanin, UDC 539.183.2
and S. A, Karamyan

Many physical methods for the analysis of a substance are known [1-3]. Of considerable importance
among these are nuclear-physics methods, based on a knowledge of the specific properties of the nuclei of
elements and isotopes. Investigators have developed many variants of analysis methods specially designed
to determine a particular element. The advantage of a method for determining a specific element is its selec-
tivity, increasing the reliability of the determination, but such methods are not universal. The most widespread
method is that of neutron activation analysis, designed for determining a large number of elements by choosing
special conditions for each of them or for certain groups of elements. An even more universal method is of
x-ray fluorescent analysis. The possibilities of using these and some other nuclear-physics methods of ele-
ment analysis to determine the isotope composition of a substance are limited. For isotopic analysis we can
use only a method based on a physical process which indicates all the stable isotopes of a given element and
differentiates between them. These requirements are fairly special, and therefore nuclear methods of isotopic
analysis have been developed only for a small number of elements. The methods most widely used for isotopic
analysis are mass-spectrum methods based on taking samples which are chemically treated and.are completely
used up during the analysis.

The purpose of the present study is to propose a relative instrumental method [4] of isotopic analysis
suitable for many elements, and in some cases also suitable for element analysis based on the process of
Coulomb excitation of nuclei. We describe below an experiment testing the method in the special case of the
analysis of a single-crystal tungsten target made of a substance enriched in the isotope *®W, using a beam of
accelerated ions of ¥Ar. The use of a beam of heavy ions limits the possibility of applying the proposed meth-
od, since a heavy-ion accelerator has not yet become a common piece of apparatus in an analytical laboratory,
However, it has now been shown to be possible to accelerate heavy ions with currently available equipment, in
particular moderate-sized equipment such as U-120 cyclotrons and tandem generators. On the other hand,
the need for isotopic analysisusually arises only in the solution of special problems of scientific or applied
research. Therefore the number of capabilities of devices that can accelerate heavy ions are sufficient for
the isotopic analysis of elements by using the proposed method.

Physical Bases of the Method. It is known [5] that the measurement of the absolute probability of excit-
ing with heavy ions the nuclei of some stable isotope contained in the target in a known proportion leads to the
determination of the nuclear characteristic of the isotope — the reduced probability of electromagnetic transi-
tion of the nucleus from the ground state to an excited level. In the concrete case of the excitation of the first
level 2% in an even —even nucleus the yield of ¥ quanta in the Coulomb excitation reaction is connected with the
reduced probability of transition B (E2, Ot — 2+) by the following relation:

Emax _
b0t 2 4 0 §{ E—AEVVE]®AE O
1.802-10K B (E2.0* —> 0
Ny(2r=>07) = A7 (A TA (@E1dpz) I, V Eo 2

where K is the relative amount of the given isotope in the target; A;, A,, mass numbers of the particle and
target nuclei; Z,, ordinal number of the target nucleus; Z; i» lon charge; Q, integral of the ion current in puC;
(dE /dpx)| Ey specific losses of the particle in the target matemal for an initial energy E,, MeV/mg- cm?;

AE' = (1 + A;/A,) * AE, AE, energy of the observed transition, MeV; f(¢£), Coulomb excitation function [5].

If the cross section of Coulomb excitation is large, we must use the theory of multiple Coulomb excita-
tion [6], in which the cross section of excitation of each level depends on the set of reduced probabilities of
the electromagnetic transitions between the various levels of the nucleus.

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 383-385, June, 1980. Original article submitted
May 14, 1979,

0038-531X/80/4806-0389%07.50 © 1980 Plenum Publishing Corporation. © 389

Declassified and Approved For Release 2013/02/01 : CIA-RDP10-02196R000800030005-9



Declassified and Approved For Release 2013/02/01 : CIA-RDP10- 02196R000800030005 9

Tﬂﬁw
l 215keV |,
183y 178
208 keV
17
‘%125
.%_’. " 82y . 16
» 279 kevV
E 3 l Hi5 o,
3 Y, 184, e
s 253 kev % £
) " 3
£ e | {5 8
E el . 5 -
P4 S .
A . 12 8
0 b v 2~ | B
a v '1,1.'.'- [ F T4
9 B -~
8 P, . 3
pe wts '::.‘,- 3 .. dg
7 + . -',.’:.‘ ." .
-'_" " - _ 8
6 | - ..:/\ u-v .‘
b """‘-.-.,'.._.,' 4y 47
S o,
| 1 I
500 550 600 650

Number of channel

Fig. 1. v spectra of the investigated target (a)
and the standard target (b).

In the inverse formulation of the problem, the measurement of the cross section of Coulomb excitation
of the levels of the nucleus for which the determination is being made and the theoretical analysis of the result
obtained by means of formula (1) or more complicated formulas make it possible to find the absolute number
of nuclei being determined in the target. However, such a formulation of the problem assumes absolute mea-
surements of the efficiency of the apparatus, the ion-beam current, the retardation losses of the ions in the

material in'the case of a thick target, etc., and also absolute calculatlons of the probab111ty of the Coulomb
excitation reaction.

In the present study the process of Coulomb excitation of nuclei was used for determining the isotope
composition of a specimen in relative measurements by comparison of the ¥ spectra of Coulomb excitation
of the target being:investigated and a similar target with a natural isotope composition, We denote the natural
isotope content by the sequence of symbols Pj, subject to the condition ZP; = 1, with P{ and EP' = 1'in the
specimen being investigated, and we denote the number of recorded y quanta belonging to the various isotopes
i in the vy spectra of the Coulomb excitation by N; and N1 for the standard and investigated target, respectively.

It is not difficult to determine that the desired values of P can be expressed in terms of the known values Py
and the measured values Nj and N as follows:

- P;=N;P/N, 3 NiP/N,, 2)
i=1

where n is the number of isotopes of the element being inbestigated. The accuracy of the determination of the
amount of the isotopes Pi present depends on the experimental accuracy of the measurement of N; and Ni and
the ‘accuracy of the tabulated values of the natural isotope content, P;.

Formula (2) contains the results obtained by relative measurement for the standard and investigated
targets. It is readily seen that formula (2) does not require an absolute connection between these measure-
ments, since the ratio'N{/Ni occurs twice in it. In the experiment we need only observe the conditions that
ensure equal ratios of the probabilities of Coulomb excitation and recording of vy radiation for different iso-
topes in the two measurements, These requirements include constant energy in the ion beam, uniform distribu-
tion of the investigated isotopes through the thickness of the target, and identical variation of the efficiency of
recording of ¥ rays as a function of energy for the two measurements. We can have different geometric
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efficiencies of recording, and we do not need to know the ratio of the integral fluxes of particles to the target
in the two measurements.

Even more important, for determining the isotope content in this case we do not need to know the reduced
probability of electromagnetic transitions in the nuclei being investigated. All of these facts improve the
accuracy of the result and reduce the labor involved in handling the experimental data,

Experiment and Results. The method was tested in an experiment designed to determine the isotope
composition of a single crystal of tungsten enriched in ¥%W, A single crystal was used in experiments to mea-
sure the lifetimes of the constituent nuclei by means of the shadow effect [7]. The standard used was a single
crystal with a natural mixture of tungsten isotopes.

The standard and investigated targets were irradiated for several hours in the U-300 cyclotron of the
JINR Nuclear Reactions Laboratory by means of a beam of *°Ar ions having an energy of 135 MeV, after it
had passed through retarding foils, at a current of ~1 nA on the target. The y-ray spectrum of the Coulomb
excitation was recorded by means of a semiconductor Ge(Li) detector which had a volume of 37 cm3, with an
energy resolution of 2.0 keV (on the basis of the *'Co lines). The detector was placed 3 cm from the target.
Figure 1 shows the ¥ spectra for the investigated and standard targets., The identification of the y lines in the
spectrum was made by using the tabulated nuclear-spectroscopy data of [8]. The spectra do not contain any
y peak for 8% because the amount of this isotope even in a natural mixture is 0.135%, which is less than the
sensitivity of the measurement determined from the statistical error. Consequently, the value given below
signifies the limit of sensitivity of the method.

The percentage composition of the isotopes in the single crystal investigated, obtained by processing of
the experimental results and calculation by formula (2), is the following: (0.02 + 0.35)% for ¥%W, (0.73 = 0.40)%
for 2w, (1.3 + 1.0)% for 183w, (3.75 + 0.75)% for 34w, and (94.2 + 2.5)% for %W, From these results it can
be seen that the minimum level of an isotope that can be determined under the specific conditions of the experi-
ment is ~ 0,5%.

Besides the above-described advantages of this relative instrumental method of analysis, we should also
mention the absence of activation of the specimen (since the ion energy is lower than the Coulomb barrier of
nuclear interaction) and the possibility of analyzing substances having different chemical forms and mechanical
states.

One of the limitations of the use of this method is the fact that its limiting sensitivity becomes insufficient
for elements whose nuclei are characterized by a low reduced probability of electromagnetic transitions. Among
such nuclei are, e.g., spherical nuclei which are almost doubly magic. The method is also ineffective for the
analysis of light elements, since the cross section of Coulomb excitation is proportional to (2122)2, where Z;
and Z, are the atomic numbers of the nuclei of the target and of the bombarding particle., However, if we use
“%Ar or heavier ions as the bombarding particles, the cross section of the Coulomb excitation reaction becomes
large enough for practically all elements, except for the lightest elements and those with magic Z (tin, lead).

In addition to isotope composition, the above-described method can also be used for determining the element
composition of mixtures, alloys, or chemical compounds, provided that the atomic numbers of all the compon-
ents of the mixture do not differ by too much (for a correct choice of the particle energy with respect to the
Coulomb barrier of all the nuclei) and that each component has at least one isotope whose Coulomb excitation
cross section is sufficiently large.

The authors are grateful to Yu. A, Aleksandrov for his comments on the results obtained,
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LETTERS TO THE EDITOR

MODELS FOR E; CENTER ACCUMULATION IN QUARTZ
IN URANIUM ORE

B. M. Moiseev and M. V. Petropavlov UDC 539.12.08

It has been shown [1-4] that paleodosimetry can be used in combination with geological and geochemical
studies in locating and studying uranium deposits. The main objects of the method are to examine the migra-
tion of uranium and to estimate the age of the ore by measuring the E, center concentration (Cg) for quartz.
Here we use various models for the distributions of the quartz grains and uranium mineralization in the ore
in the calculation of the E; center concentration due to @ and y rays from the uranium,

The calculations can be checked for small values of the dose, when the time decay of Cg is unimportant,
i.e., when there is a linear relationship between the concentration and the time of contact between the quartz
and the uranium mineralization [2].

Here we consider the accumulation of the dose in quartz in sedimentary ores containing finely divided and
uniformly distributed uranium minerals. The following models have been used in calculating the a-particle
flux,

1. For- uranium mineralization of this type in sandstone we use the following model: a quartz grain
(sphere of radius radius R).is surrounded by a film of thickness I. Then with < 2R we can assume that we
have a film emitting «a particles at the surface of a planar detector. The formulas of [5] can then be used.

.Under conditions of radioactive equilibrium, nuclides in the uranium series emit eight « particles [6],
and the e-particle flux N at the quartz grain is

N =3.10°Cy/100% (m; +mo) [ — (U2Ra)], 1)

where Cyj is the mass proportion of uranium in %; m,, mass of the quértz grain; m,, mass of the intergranular
material; and R, a-particle range in the intergranular material.

As m, = 4/31rR3pqu; m, = 47R® (I/R + I/R? + I/3R%p, where p is the mean density of the intergranular
material, we have that the concentration of radiation defects Cyg due to the « particles acting on the quartz
grain is

Ca—=1.6KCyt0t0 (1__) [1+3— (—+ o ) | spins/g. - (2)

In_‘(z), K is the radiation sensitivity of the quartz, i.e., the number of radiation defects (E, centers) formed by
the absorption of one «a particle, while t is the time of contact in years between the quartz and the uranium
mineralization. For example, for K = 0.2, Cy = 1%, I = 10 um, Ry = 27 um, p = 2.9 g/cm?, s Poqu = 2.6 g/cm?,
we get Cp/t ~100 spins/g - sec.

2. The following model is used for uranium mineralization in a quartz—feldspar rock: the detectors
(quartz grains) are in a mineral conglomerate inwhich uranium is uniformly distributed, with the layer thick-
ness greater than the a-particle range in the medium. The elementary a-particle flux dN from a spherical
layer of thickness dx at a distance x (x > R) from the center of the quartz grain is the following at the quartz
grain itself: co

\ :
N SordoVe (1—cosw), (3)

T W R —R
where Ry, is the a-particle range in the medium; v, total number of decays in the layer of thickness Ry; and
2@, solid angle within which lies the detector (quartz grain) and whose vertex lies at any point in the layer of
thickness Rg,.

Translated from Atomnaya Energiya, Vol, 48, No. 6, pp. 386-387, June, 1980, Original article submitted
August 22, 1978.
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Fig. 1. Observed relation between Cg and mass
proportion of uranium Cy; for various models: 1)
complete absorption of all « particles; 2) result
from measurement of flux with an o radiometer;
3) result from ESR measurement; 4) uniform dis-
tribution of quartz grains in emitting medium; 5)
model for quartz bearing a film of thickness 10
pm; 6) uniform distribution of a-ray sources in

a medium with average density pgy.

We calculate the a-particle flux at the quartz grain and transform the equation to get a formula for the
radiation-defect concentration:

3 voR2Rq X — o a.qmo KPCuRGt ( my (4)
N= ey ¢ Ce=2810 o (3 ( +1)spms/g

With the condition of (2) we get for a quartz content in the rock of about 70% CE/t 140 spins/g - sec.

3. The model with uniform distribution of the @~ray sources in 2 medium with a certain average density
pay, which is dependent on the proportion of quartz, If the quartz is uniformly distributed in the medium and
the mean a-particle range is R, the quartz effectively absorbs a fraction I,/Ry of all the a particles, where
l; is the part of the a-particle range in the quartz, §; ~ Rg[l + (pqu/p)(mz/ml)]‘i; the concentration is then
given by the formula

Cp— (3CUKt/1—|— bqu My )1010 spins/g. - (5)

The condition of (2) gives Cg/t ~150 spins/g - sec.

The correctness of the results obtained from these theoretical models was evaluated by méasuring the
actual a-particle fluxes; there was good agreement between theory and experiment, The Cg were measured
for ores by ESR methods, and these are given along with the values calculated from the models in Fig. 1.

The ESR data for quartz need to be corrected from estimation of the contribution of the ¥ rays to Cg.
In the above models, the main proportion of the radiation dose comes from the « particles. For example, for
the limiting case corresponding to model 1 and film thickness equal to the a-particle range, i.e., with the maxi-
mum self-absorption of the a particles in the conglomerate and absorption of all the y rays by the quartz we
get from (2) that the energy absorbed by the quartz from the « particles with E = 5 MeV is 5.3-10-'% J/g (mass
proportion of uranium 0.7%). Under the same conditions, the y-ray energy absorbed by the quartz (along with the
contribution from the 8 particles) is 1.6 10 J/g.

Experiment shows that Cg(g)/D = 0.24 - 1012 spins/J and CE(y)/D = 0.31 - 10'? spins/J, where D is the
radiation dose.
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For these data we get
Crie=1.3-101 5 Crp=0.5-10' spins/g.

The inequality becomes stronger in the other cases. The « particles also produce most of the E; centers
in previously thermally activated specimens, since for such a specimen Cg (@) increases on average by a
factor 1.1, while CE(y) increases by a factor 4.5. .
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THREE-DIMENSIONAL CALCULATIONS OF A
HETEROGENEOUS REACTOR

B. P. Kochurov and V. M. Malofeev UDC 621.039.51.12:539.125,52

An efficient method of calculating a heterogeneous reactor, called by the author the quasialbedo method,
was proposed in [1] and developed further in [2] for three-dimensional problems. A more direct approach was
used in [3] to obtain the approximate equations of a heterogeneous reactor in difference form. It is shown in
the present note that by expanding in a Fourier series in the axial variable, the generalization of the equations
in [3] to the three-dimensional case is elementary. Some results of the calculations are presented.

Suppose the solution in the moderator of a reactor of height H with slugs which are nonuniform vertically
is given by the expansion

N (r, 2) = IN,() sin anz, @ = o/l r = (z, y). ( (1)
The coefficients N, (r) satisfy the equations
ANE (1) — (kg4 a®n?) NE () = —Eg,NE ™1 (1), @)

so that the form of the general solution is similar to that for the two-dimensional case [3] (notation same as in

[3]):
N=C#A4,; F:d}i‘ag diag {Ko (tn [r—rc D}, %3 =Eg+ant. (3)
Assuming that in the boundary condition on the surfaces of the slugs

p (8N/ap) = AN (4)

the matrix A depends on z, multiplying (4) by sin @ mz and integrating with respect to z, we obtain an equation
of the form of (4) in which the properties of the slugs are characterized by the matrices

Ak mn A]cc m-—n Ak. m+n;
n/a.

A% E% S Ay (2) cosalz dz. (5)
0

Equations (3) and (4) have the same form as in the two-dimensional case, and the procedure used in [3]
to determine the equations in difference form

(P +Ryy) N=(PI5*Ko-+R) (/M) N (6)

is completely applicable to them. The parameters of the difference scheme are determined, as in [3], by the
numbers ®,a, where a is the lattice pitch.

We note certain properties of the scheme presented: the operators P and R are diagonal with respect to
the number of the vertical harmonic; the interaction of the harmonics is contained in the v (or A) matrices,
and in view of the representation (5), the required storage increases linearly with the number of harmonics.
In Egs. (6) the number of harmonics can be chosen differently for different slugs; in particular, their number
can be increased in certain regions with local inhomogeneities. The use of a Fourier expansion provides sur-
ficient flexibility to take account of a relatively small change in position of control rods (CR). If the computa-
tional net has large steps along the vertical, the quasialbedo method {2] apparently encounters some difficul-
ties.

Figure 1 shows the character of the convergence of the energy distribution along a fuel channel adjacent
to a partially inserted CR as a function of the number of harmonics. A heavy water reactor with a hexagonal
lattice (Fig. 2) having channel parameters typical of the KS-150 reactor [4] was chosen as a model. Table 1
shows that a small number of harmonics suffices for the sufficiently accurate calculation of such integral
reactor characteristics as the neutron multiplication factor keff, the CR effectiveness p, the channel power

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 387-388, June, 1980, Original article submitted
July 9, 1979.
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Fig. 1. Energy distribution along a fuel channel W(z)
adjacent to a partially inserted CR as a function of
harmonics of the neutron distribution (numbers on
curves),

Fig. 2. Part of cartogram of reactor: O,
©®) fuel channels of central and peripheral
regions: @) partially inserted CR.
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TABLE 1. Characteristics of Reactor of
Fig. 2 as a function of Number of Harmonics

‘Param- n . _
eter 3 I 5 l 7 | 10 I 14
keff 1,04920 1,04956 | 1,04978 | 1,04996 | 1,05007
(0,083) *| (0, 049) (0,028) {(0,010) 0)
p 0,0132 | 0,0128 0,0126 0,0124 0,0123

69 |Gy @4 |08y o)
W (1,1) ] 1,784 1,781 1,779 1,776 1,775
©,50) 1(0:34) [(0,23) |(0,056) |(0)
W (3,2)| 0,795 0,796 0,798 0,801 0,802
©:87) 073  [(0:50) ]0.12) |©)
w, (1,0 | 1,448 | 1,452 | 1,452 | 1,453 | 1,453

©,34) (0,01~ [007) | (©) 0}
g (3,2)] 1,512 1,583 1,614 1,648 1,659

@9 |@e |@n |08 |O)
We 1,217 1,216 1,215 1,214 1,213

0,33) [(0,25) [(0,16) [(0,08) {(®)
1 , 1,557 1,555 | 1,555 1,554
P ©32) (0,19 [©.06) |©.08) |(0)

*Numbers in parentheses are % deviations
from results of calculation with 14 harmonics.

over height \{l, and the total coefficients of nonuniformity of the energy distribution in the central and peri-
“pheral zones ug,p with sufficient precision are calculated also for a small number of harmonics (see Table 1).

A highly accurate calculation of the energy distribution along the vertical, characterized by the coef-
ficient of nonuniformity u,, requires a somewhat'larger number of harmonics. The comparison of radial
characteristics of the energy distribution shown in Fig. 3 illustrates the possibility of calculating two-dimen-
sional distributions by replacing a partially inserted CR by a certain effective CR completely inserted into
the reactor. The thermal constant Yg¢s of the effective CR was selected from the condition of equal compensa-
tion of reactivity, In a number of cases the small differences of the characteristics of the radial energy dis-
tribution justify the use of two-dimensional calculations.
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USE OF A LOW-ENERGY ACCELERATOR FOR ELEMENT ANALYSIS
ON THE BASIS OF PROTON-EXCITED X RAYS

B. A. D'yachkov, G. V, Kazantsev, UDC 543.53:537.531:621.3.038.625:546.53
and V. Ya. Pavlov

In recent years the use of accelerated ions for the diagnosis of the surface of a solid has been given in-
creased attention by investigators [1]. The development of diagnosis methods has been stimulated by the grow-
ing needs of science and technology in the structural and analytic investigations of materials. In particular,
for the structural study of solid specimens and.the element analysis of the composition of a material [1-5] ion-
x-ray spectroscopy methods based on the use of x rays excited in a specimen accelerated ions have come into
widespread use. In connection with this, charged-particle accelerators have come to be increasingly used for
- investigating specimens on the basis of the characteristic x rays induced by ions. Ion-x-ray spectroscopy
methods are being used for monitoring environmental contamination, analysis of metals and alloys, analysis
of surfaces, structural research on crystal specimens, element analysis of biological materials, etc.

In most studies devoted to the analysis of x rays excited by accelerated particles, the incident particles.
used are protons. Proton excitation, which ensures fairly low detection limit for the elements involved, is
convenient because the x-ray spectra obtained are relatively simple and are analogous to the spectra excited
by electrons or photons. Although even lower detection limits can be obtained in the case of excitation by
heavy ions, the x-ray spectra in such cases are much more complicated and more difficult to interpret [2].

Coulomb interaction between accelerated protons and atomic electrons of the inner shells are character-
ized by ionization cross sections whose maximum for most elements is in the 2-10-MeV proton energy range
[3]. However, the use of low-energy protons whose energies are of the order of several hundred kiloelectron
volts [3-5] is of considerable practical interest. This is because low-energy ion accelerators are widely
available and simple to service and have a fairly low detection limit, reaching 10-8-10-? g for thick specimens
[5]. It should be noted that the less efficient ionization cross section of the atoms can be compensated in the
case of irradiation with protons having energies of the order of several hundred kiloelectron volts by increas-
ing the proton flux, thereby obtaining the same characteristic x-ray intensity as is provided by a beam of
protons with energies of several megaelectron volts on an electrostatic generator [2], The increase in the
heating of the target because of the larger beam power can be reduced by cooling the specimen, Furthermore,
as is known, ionirradiation gives rise to bremsstrahlung caused by secondary electrons, with energies of
Ex = (4m/M)E1, where Ey is the x-ray energy; E, proton energy; m and M, the masses of the electron and
the proton, respectively., Therefore, the use of protons with energies of several megaelectron volts results
in strong background radiation in the x-ray region {3-5 keV or less), which complicates the analysis of the
elements on the basis of characteristic radiation lines lying in this region. When specimens are irradiated
with low-energy protons, the background in this x-ray region is substantially lower. Because of the short
ilight path of the low-energy protons, it is possible to use them in analyzing surface layers from several
microns to several angstroms thick. The analysis of such layers is of great interest, e.g., in the investigation
of ion-implantation processes,

For the element analysis in the present study we used a low-energy (200-kV)linear accelerator and
studied the possibility of analyzing light elements by using protons with energies of 175 keV. To do this, we a
dnalyzed aluminum (K = 1.49 keV) and silicon (Kg = 1.74 keV) in binary alloys of aluminum and silicon with
copper.

The experimental apparatus used in this study consists of a linear accelerator, a target chamber, and a
detection system with the appropriate electronic equipment. The focused beam of accelerated protons, passing
through an evacuated drift tube enters the target chamber. The drift tube cooled with liquid nitrogen is also
a differential-evacuation tube which serves to improve the vacuum in the target chamber and prevent the
migration of oil vapors from the vacuum system of the accelerator into the chamber (Fig. 1), The diaphragms

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 389-390, June, 1980, Original article submitted
July 30, 1979,
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Fig. 1. Schematic diagram of target chamber and mea-
suring equipment: 1) proton beam; 2) drift tube; 3)
graphite diaphragm; 4) vacuum lock; 5) cooled screen;
6) target holder; 7) proportional counter; 8) target; 9)
electron-delay diaphragm; 10) diaphragm; 11) pre- '
amplifier; 12) pulse analyzer; 13) information output
unit; a) liquid nitrogen; b) evacuation.
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Fig. 2. Calibration graph for determining the aluminum () and

silicon (O) content of copper.

Fig, 3. X-ray spectrun{ 8 of copper —silicon alloy.

TABLE 1. Results of the Analysis of Specimens
of Aluminum and Silicon with Copper

'No, of Element content C, mass %
‘specimen Eéei;réent
|- i emical analysis
analyzed x-ray analysis  |ch y'¢
1 2,7416 * 2,504 *
2 2,7-1071422 2,8-10-1410
3 Al 2,4-10"14-26 2,4-1077 410
4 2,5-10"14+20 2,0-10-14:10
5 1,6-10-14-19 1,1.10-13-10
6 ( 3,8.101417 3,410 210
7 2,5-10-1418 3,1.40-1 410
8 | | 24107416 276-10-1 110
9 si | 1,810+ 15 1,6-10-1 10
10 ! 1,9.10-1 415 1,5-10-1+10
11 , 1,4-10"1 115 1,0-10-1 10
12 1,2.10-1426 9,5-10-24+20
13 (| 44-102324 5.10-2220

*Here in relative %.
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of the differential-evacuation chamber, which have an opening 10 mm in diameter, are at a distance of 100 cm
from each other. In the stainless-steel target chamber the specimens can be heated to 400°C. The NORD-250
magnetic-discharge pump provides a working vacuum of ~107°% Pa in the chamber. Through a vacuum lock
which makes it possible to place specimens under the proton beam and remove them from the chamber without
disturbing the vacuum, we introduce into the target chamber a target holder capable of holding eight targets

at one time. By rotating the target-holder shaft handle, we can place different specimens under the beam.
Before hitting the target, the proton beam is collimated by means of a graphite diaphragm with a 3 x 8 mm
opening. In order to prevent the deposition of oil vapors on the spec1men the target holder is surrounded by
a screen cooled with liquid nitrogen.

The x rays in the target by the protons are recorded by an x-ray detector, which in our case was a
sealed-off SRPO-12 proportional counter. The angle between the direction of the proton beam and the normal
to the entry window of the detector is 90°, and the target is piaced at an angle of 45° to both of these directions,
in order to equalize the path lengths transversed in the specimen by the protons and the x rays recorded by the
counter. The signal from the preamplifier output is transmitted to the input of a pulse -amplitude analyzer and
then to the information output unit.

Flat specimens measuring 10 x 10 mm and 1-2 mm thick were cut from alloy ingots; before being placed
in the target chamber, they were polished and washed with distilled water and rectified ethyl alcohol. As our
calibration standards, we used specimens of analogous alloys subjected to careful chemical analysis. The
specimens were irradiated for 5 min at proton-beam current of 0.1-0,25 pA. Figure 2 shows the calibration
graph constructed from the standard specimens of alloys of copper with silicon and aluminum and used for
analyzing the test specimens, As an illustration, we show in Fig. 3 part of the x-ray spectrum of specimen
8 of a silicon—copper alloy. The distortion of the shape of the Si Ky peak on the high-energy side of the spec-
trum is due to the effect of the x-ray background of the matrix of the specimen, It should be noted that the
characteristic CuKq radiation (8.04 keV) is only 1/60 to 1/30 as intense as the SiKy and ALK, lines,

A comparison of the results of the chemical analysis and the analysis based on the characteristic x rays
(see Table 1) indicates satisfactory agreement. We also estimated the detection limits Cmin for aluminum and
silicon in copper by the method described in [5]. We obtained the following values: (9.5+1073 + 30)% for
aluminum and (2.2 - 1073 + 30)% for silicon. These estimates agree with the results of [5], which gave an
estimate of the detection limits for elements in light matrices (carbon and silicon) and a heavy matrix (iron);
they indicate that an efficient analysis of light elements is possible, It should be noted that in the analysis of
medium to heavy elements on the basis of the L and M lines of the characteristic x~ray emission, as well as
in an analysis in light matrices, it is possible to attain an even lower detection limit [5]. Thus, the use of
low=-energy accelerators enables researchers to conduct a fairly efficient quantitative element analysis on the
basis of the characteristic x-ray emission excited by protons.
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INVESTIGATION OF THE PHONON CURRENT IN
NEUTRON IONIZATION CHAMBERS

V. P. Ivanov, E, K. Malyshev, UDC 539.074.22:539.1.074.8
R. A, Milovanova, A. A. Sysoev,
and P. N, Chistyakov

In order to monitor the neutron flux in control and protection systems of nuclear reactors, one widely
employs ionization chambers with a solid boron radiator. At temperatures exceeding 300°C one observes in
the chambers a phonon current increasing the lower limit of the flux which can be monitored. The goal of the
present work is to establish the nature of this current.

Investigation of the Components Forming the Phonon Current. The experimental equipment had plane-
parallel stainless-steel electrodes covered with a boron layer. In order to separate the electron and the ion
components of the phonon current in vacuum of ~10~% mm Hg (1 mm Hg =133.3 Pa), the chamber was placed
into the field of a permanent magnet, the field being directed parallel to the plane of the electrodes. The
strength of the electric and magnetic fields, as well as the distance between the electrodes, were chosen so
that, in the presence of a magnetic field, the electrons returned to the electrode from which they had been
emitted, whereas ions of any mass, starting from H* and H~ (positive as well as negative ions), were incident
on neighboring collector electrodes for charged particles and were recorded. When no magnetic field was
applied, the electrons were also incident on the collector electrodes and the current generated by the electrons
was recorded as part of the overall current. The results of the measurement made on the current with this
instrument with and without magnetic field have shown that the contribution of the electrons to the total current
is significant at 400°C, but that basically (by 70-90%) the current consists of positive and negative ions [1].

In neutron chambers the neighboring electrodes (cathode and anode) are of the same area and can become
emitters of charged particles: the cathode emits negative ions and electrons, and the anode, positive ions. It
is therefore difficult to determine the sign of the charge of the ions of which the current is mainly composed.
An experiment for determining the sign of the charged particles was made with an instrument having coaxial.
eylindrical electrodes with a surface ratio of 0.01. Thus, the charged particles are supplied mamly by the
outer electrode of significantly larger area.

Figure 1 shows the results of measuring at 100-400°C the current of the outer cylinder having an emitting
surface of 500 cm?., When the outer cylinder was positive and, hence, was an emitter of positive ions, the cur-
rent was in the entire range higher than in the case of a negative outer cylinder, i.e., when negative ions and
electrons were emitted from the cylinder. At 400°C the current of the positive ions amounted to 2.4-107% A,
and the current of the negative ions and electrons to 0.9-10-% A, When the average fraction of electrons in
the total current is assumed as 20%, the current of positive and negative ions amounts to 70 and 10%, respec—

tively. At lower temperatures, the current formed by the positive ions is even more important.

Investigation of the Ionic Component of the Phonon Current. In order to analyze the composition of the
positive component of the phonon current, an ion source with surface ionization was developed [2]. High ef-
ficiency of ion collection is the characteristic feature of this source. A doublet of quadrupole lenses was
placed into the source to the form the wedge-shaped beam required for normal operation of the analyzer. With
this source the instrument had a resolution of 180 at the 10% level. The experiments were made on an MI-1309
mass spectrometer with an SI-03 ion counter; in combination with the ion source developed, at a fixed mass ion
current of up to 10~13 A could be recorded. At 400-600°C the-ions originated from the surface of the boron layer
applied to a stainless-steel plate. The ions separated from the surface of the plate were focused by the field
generated by the electrode system of the ion source and were then directed into the magnetic analyzer. A first
measurement of the ion current was made from a stainless-steel plate 5 h after the plate had been heated to
400°C. When the spectra of the ions emitted from theplate at that temperature were measured, lines correspond-
ing to potassium and sodium ions were observed, :

Translated from Atomnaya I:Snergiya, Vol. 48, No. 6, pp. 391-392, June, 1980. Original article submitted
August 20, 1979; revision submitted December 13, 1979.
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Fig. 1. Temperature dependence of the current for the components of
the phonon current; the components were created by charged carriers
with positive (K™) and negative (K™) charges after heating for 30 (8) and
50 (O) h. Voltage: 300 V.

Fig. 2. Time dependence of the current of the K ions (® — experimental
results).

The basic results were obtained with a boron-coated plate. After 5 h heating at 400°C, the temperature
of the plate was increased to 600°C, and a considerable number of lines was obtained; lines corresponding to
ions with mass 87 (current 3.6-10712 A) and 85 (current 1.6-107!% A) predominated. It seems that those lines
must be ascribed to heavy hydrocarbons resulting from surface ionization of the molecules of the organic
matter composing the residue of the binder which was used when the boron layer was applied to the substrate.
One can assume that upon heating the layer, the hydrocarbon molecules decompose in the layer in the presence
of boron and the substrate material and are partially evaporated as ifons into the vacuum. After 25 h heating
the plate in vacuum at 400°C, the lines corresponding to ions of masses 87 and 85 had disappeared in the spec-
trum measured at 600°C.

Lines corresponding to masses 39 and 41 were the mainlinesofthe spectrum;these lines must be ascribed
to potassium isotopes. The intensity of the *°K line was 10712 A. Furthermore, extremely weak lines cor-
responding to ions with masses 75, 77, and 155 and caused by hydrocarbon ions were observed.

When the temperature of the plate was reduced to 400°C, it was observed that the intensity of the potas-
sium lines decreased sharply: the 3°K line had an intensity of 2 +10"14 A, Lines of ions of masses 75, 77, and
115 were missing in the spectrum. Thus, when the plate with the boron coating is heated, heavy hydrocarbon
ions are most intensively liberated at the beginning; after that, lines corresponding to ions of the potassium
isotopes become most important in the spectrum and a noticeable current is produced by these ions even at
400°C. It should be noted that the current of the K ions depends entirely upon the temperature of the substrate
and is independent of the conditions of heating, because the K* current results from the preéence of potassium
in the form of an admixture to the substrate material and, during the heating, atoms of this element are trans-
~ferred to the surface of the boron by bulk diffusion and are then ionized [3].

Influence of the Diffusion Processes upon the Phonon Current, When the emission of K* ions from the
surface of the boron applied to a stainless-steel substrate was investigated, a significant nonstationary time
dependence of the process was observed. At the beginning, the increase in the temperature of the emitter was
. accompanied by a sharp increase in the emission of K" ions as a consequence of the temperature dependence
of the ion emission according to the Saha—Langmuir formula for ionization from a surface [4]. In this case,
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potassium ions were emitted from a part of the substrate surface not coated with boron. It was found in a
microscopical inspection of the substrate that the area of the "spots" amounted to 5-10% of the entire emitter
area,

When the emitter temperature is kept constant, a change in the K* current as a function of time is ob-
served. The further increase in the emission at constant temperature of the substrate results from a change
in the work function in the course of time, the diffusion of potassium from the bulk of the substrate through the
boron film on its surfdce, the evaporation of boron from the surface, which leads to an increase-in the area of
"spots" on the emitter surface not coated with boron, and from other processes,

* When the time dependencev of the potassium ion current is taken into consideration, one can neglect the
influence of the boron evaporation from the surface. During the characteristic time within which the K+ cur-
rent changes (22 min), the work function cannot substantially change and cause a significant (about two orders
of magnitude) increase in the K* current, Experiments with substrates of stainless steel and molybdenum
without a coating have confirmed the above conclusion. The emission of potassium ions from such emitters
was not time dependent,

Estimates of the rate of diffusion of potassium through the boron indicate for the given conditions that
the time dependence of the K* emission is determined by the latter process when a coating is present on a
stainless-steel substrate. This dependence is shown in Fig. 2 for the following experimental conditions:
emitter temperature 870°C, film thickness 1 um. The dependence In I = f( 1/t) is a straight line; the coefficient
of potassium diffusion in boron was determined from the slope of this line relative to the ordinate axis and
was equal to 1.7 10~ ecm?/sec.

Conclusions. Investigations of the photon current in neutron ionization chambers have shown that the -
main contribution stems from positive ions. Investigations made with the mass spectrometric technique to
determine the composition of those ions have led to the conclusion that a significant portion of the ions
emitted from a surface which had been heated for 5 h are hydrocarbon ions. This is a consequence of the
ionization of the molecules of the material of which the residue of the binder is composed. Prolonged heating
(25 h) makes it possible to eliminate hydrocarbon lines from the mass spectrum. However, the spectrum still
comprises lines resulting from the current of the Kt iong which determine the lower limit of the phonon cur-
rent in neutron chambers,
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PHYSICOCHEMICAL PROPERTIES OF IRRADIATED INORGANIC
COMPOUNDS OF LITHIUM: OXIDE, A‘LUMINATAE, AND SILICATES:

V. G. Vasil'ev, S. R. Borisov, . UDC 546.66.085
N. N. Ryazantseva, and A. A. Vashman

Inorganic compounds of lithium, primarily the thermally stable Li,0, LiAlO,, Li,8i0,, and Li,Si0,, are
now considered as starting materials for the production of tritium in a thermonuclear reactor [1-5]. In view
of this, we were interested in analyzing the influence of radiation on the indicated lithium compounds and -
evaluating the possibilities of reproduction of tritium in the blanket of a thermonuclear reactor,

The opening of ampules irradiated on a y setup with $9Co showed the absence of a gas phase. The results
of irradiation of ampules in a nuclear reactor are cited in Table 1. The basic component of the gas phase of
these ampules is helium. The amount of tritium in the gas does not exceed 2% of its total content in the salt.
On the basis of the ESR spectra of irradiated salts, we calculated the concentrations of paramagnetic centers
(Table 2). The comparatively low concentration of paramagnetic centers may indicate a high radiation chemical
stability of these lithium compounds. Increasing the absorbed dose from 102 to 10%% eV /g leads to the appear-
ance of an established concentration of paramagnetic centers at a level of 1016-1¢17 g1, Preliminary analysis
shows that the ESR spectra of y irradiated samples differ from those obtained for samples irradiated in a
reactor, In the case of salts irradiated to a fluence of ~1018 neutrons/g, the ESR signals have a narrow line,
which is typical of colloidal lithium [6].

TABLE 1. Amount and Composition of Gas in Ampules after Irradiation (Veree: Vhoung=3: 1)

- Vol, of gas Composition of gas, vol. %
Chemical Am- | Wt, of salt Amount of i sars iée P! 4
"] pule sample _|titanium in ple,
compound |y, * 8 ' sample, ci/ |neutrons - He | H» | HT {cHy | m0 | Ny | 03 | co | cos
g cIms3
Li,O 1 24,40 0,03 0,05 30 3 10 5 2 30 20
. 2 26,32 0,09 —

LiAlO, 1 24,45 0,016 0,02 46 . 23 6 23 2

2 24,90 0,088 — .
Li,Si0, 1 27,70 0,035 — .

) 2 24,70 0,092 0,90 46 49 4 1

Li,Sioy 1 | 31,3 0,017 —

2 24,7 0,18 0,9 99,1 0,5 0,4 |

TABLE 2. Concentration of Paramagnetic Centers in Irradiated Salts

- Trradiation of ®Co Irradiation in nuclear reactor
Chemlcatli Now of kil
compoun concn, of amount of tritium,| NO» of titium ' conen. of
dose, eV/g |centers, g™ Ci/g nuclei per g dose, ev /g centers, gt

Li,0 1,1.1022 1018 0,03 6-1017 3-10%¢ 4. 1016
0,09 1,8.1018 9.1024 4.1016

LiAlO, 8.1022 2.1017 0,016 3,2.1017 1,6-10%4 1.1016
0,088 1,76.1018 i 8,8.102¢ 1-1018

Li,Si0, 8.1022 1-1017 0,035 71017 3,5.1014 2-10%7
0,092 1,84.1018 9,2.102¢ 1.1017

Li,Si0, — — 0,17 3,4-1017 1,7.1024 2.4017
0,18 3,6.1018 1,8.1028 21017

Translated from Atomnaya Energiy_a, Vol, 48, No. 6, pp. 392-394, June, 1980. Original article sub-
mitted August 20, 1979, :
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TABLE 3. Liberation of Helium from Irradiated.

Salts
Amount of |Amt. of fon
He formed helium in | System of Lihexa'tmn
during ire, [A0Pule durt heat treat{Of helium
Compound ngﬁlg% n;l‘l'-, ing irr., ment during heat
- * treat,,
em/g % of ZHe s EHe%
Li,0 0,066 — 500° C, 1h 60
LiAlO, 0,064 — 600° C, 1h ’
Li,5i0;, 0,068 25 800°C, 1h 78
800°C, 1h 70
{1i,si0, |- 0,134 28 800° C, 1h 66
] 700° C, 1h

TABLE 4. Amount of Tritium Liberated in
Molecular Form (HT, T,) in Heat Treatment
for 1 h at a Given Temperature

" ] Ratio (TH/T,),
Chemical Amount of | remp, o |%of total
compound | tritium, Ci/ amount of

tritium

. 300 - < 1,0
Li,0 0,09 400 < 1,0
‘ 500 « < 1,0
400 2,6
LiAlO, 0,088 500 . 5,3
600 6,0
200 2,0
300 4,0
Li,Si0, 0,002 400 5,0
500 5,0
' .600 7,0
200 2,5
300 1,0
Li,Si0, 0,18 400 1,5
500 2,0
' 600 3,5

%

100

g
80+

601

40+

20t 3t -

-~ A”’Al“

0 L= L8 L L
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Fig. 1. Liberation of tritium from LiO,: O) 3:107% Ci/g; @) 9- 1072 Ci/é;

Fig. 1

10-% Ci/g; ) 8.8-1072 Ci/g.

Fig. 2. Liberation of tritium from Li,8iOy: O) 3.5+1072 Ci/g; @) 9.2-10~2 Ci/g;

4) 1.7:107% Ci/g; a) 1.8+107! Ci/g.

TABLE 5. Characteristics of Lithium Com-
pounds (time of heat treatment 1 h)

Chemi- | Melting Liberation of tritium | Liberation of helium
cal com-| point temp.,
pound L temp., °q % ..CP ’ %
350 50
Li,0 1600 450 100 500 100
500 50 '
LiAlO, 1600 800 100 800 100
500 50
Li,8i0, 1250 700 100 300 100 -
- | 450 50
Li Si04 1250 700 100 700 100

%
100

60+

20

0
100 200

00 400

Fig. 2

600 00

800°C

from LiAlOy: A) 1.6+

from Li,SiO,:
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Heat treatment of samples irradiated in a reactor showed the absence of gaseous radiolysis products
and a correlation with the results of a determination of the concentration of paramagnetic centers. Data on
the liberation of helium during heat treatment (Table 3) can be considered preliminary, noting only that the
temperature interval of the liberation of helium falls in the region of 600-800°C. A study of the liberation
of tritium from irradiated salts showed that the bulk of the tritium is in the form of HTO (T,0), which condenses
in a trap with liquid nitrogen. The results of heat treatment of a salt sample of particles with a size of ~0.15
mm with a total mass of 0.5 g for 1 h under a vacuum of ~13 Pa during condensation of water vapors in a trap
with liquid nitrogen are cited in Table 4 and in Figs. 1 and 2. Thus, inorganic compounds of lithium Li,0,
LiAlO,, Li,;SiOs, and Li,SiO, possess high radiation stability, since the concentration of radiolysis products in
the molecular and radical forms is 10 times or more lower than the concentration of tritium formed, At an
initial tritium concentration ~10-2-10~! Ci/g (1 Ci = 3.7-10!° Bq), its liberation under vacuum (chiefly in the
form of the oxide) and in helium occurs in different temperature intervals: from lithium oxide at 300-450°C,
from lithium aluminate and silicates at 200-800°C. According to the characteristics of lithium compounds with
respect to the liberation of helium and tritium (Table 5), it is evidently expedient to investigate the kinetics of
the liberation of tritium and helium, as well as the nature of the radiolysis products in the solid phase.

The liberation of tritium oxide from irradiated lithium oxide is described by the kinetic equation k =
2.3/7(log 1/1 = x). The kinetic curves of the liberation of tritium [7] show that within the investigated tem-
perature range 300-400°C, the initial step of the process has an activation energy 18.8 keal/mole, while the
final step is slower than the initial one, with activation energy ~13 kcal/mole. Taking into account the polymer
nature of the investigated inorganic compounds of lithium and considering the kinetic principles, we can con-
sider the process as a chemical reaction of polycondensation [8], resulting in the formation of tritium oxide
and an inorganic polymer. '

1t can be asserted that when the temperature system is correctly selected, the use of lithium material
will permit the isolation of tritium and helium directly in the process of irradiation [4, 5]. The compounds
under consideration are characterized by different lithium contents per unit volume, which must be taken into
account in the creation of elements of the lithium zone.
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THEORETICAL STUDIES ON THE ACCUMULATION OF 232y,
236py, AND 238py IN THE BREEDING ZONES OF HYBRID
AND FAST REACTORS

Yu. G. Bobkov, V. G. Ilyunin, UDC 621.039.516.22
V. M. Murogov, M. F, Troyanov, .

L. N. Usachev, A, G, Tsikunov,

I. Kh. Ganev, A. D. Zhirnov,

L. V. Tochenyi, and A. N, Shmelev

The problems in implementing an external fuel cycle are largely determined by the accumulation of
uranium and plutonium nuclides in the fuel, which govern the inherent activity [1, 2]. We have therefore cal-
culated the accumulation of 232U, 2%6py, and 2*®Pu on the irradiation of uranium and thorium in the breeding
zone of a fast reactor type BN-1600 [3] and in the blanket of a hybrid fusion—{fission reactor [4]. The latter
can also be considered as a potential source of secondary nuclear fuel [5], ’

The above nuclides of uranium and plutonium accumulate via threshold (n, 2n) reactions, and therefore
the yields should vary substantially with the neutron energy spectrum. Figure 1 shows the characteristic
neutron spectra for a fast reactor and for the blanket of a hybrid reactor. The spectra were calculated for
the blanket via the BLANK program [6] and for the fast reactor via the M-26 program [7]. These spectra
were used in averaging the group constants that were used in calculating the burnup and accumulation of the
nuclides, for which purpose the PERS program was used [8]. The group constants generated from the library
files (mainly the ENDL library) corresponded to the latest recommendations [9].

Table 1 gives mean cross sections for some reactions for these two forms of spectra; even a general
overview of the neutron cross sections indicates that there is a considerable difference in the rates of the
various processes that determine the isotope positions of uranium and thorium irradiated in such reactors.

U—Pu Fuel Cycle. Table 2 gives results on the accumulation of 236py, 2327y, B8py, and B%Pu in the ir-
radiation of uranium; plutonium accumulates in the breeding zone of a fast reactor, and the 3*Pu content
there is 5-107%-2.10~"%, the exact level being dependent on the accumulation of plutonium in the uranium
(maximum accumulation 3-40 kg of Pu/ton U correspondingly). The concentration of 232U in the uranium is
correspondingly 1 - 10713-5-10-19%,. On the assumption that all of the 236py goes over to 2321 on storage, the
concentration of the latter may rise to 6-10-%.

The calculations (Table 2) show that a given level of accumulation of plutonium in the uranium (i.e., an
identical volume of reprocessing per unit of fuel) will imply 2¢pu and 238Pu contents of the plutonium in the
blanket of a fusion reactor 10° times larger for **Pu and more than 10% times larger for *¥Pu than the values
for plutonium accumulated in the breeding zone of a fast reactor. The %*?U concentration for uranium in the
blanket of a fusion reactor will be more than 10° times that in the breeding zone of a fast reactor. As a result
the »¥pu content of plutonium may exceed 1%, while the 238py concentration may attain values characteristic
of the 22U concentration in 233U in the thorium fuel cycle, viz., (10-100) - 107%%. The calculations also show
that the relationships are not substantially altered if the accumulation is transferred to the peripheral layers
of the blanket, On the other hand, the rate of accumulation of plutonium, which is one of the desirable features
of a hybrid reactor [5], is substantially reduced.

Thorium Fuel @ycle., From the viewpoint of the remote future of nuclear power, it is of interest to
examine the accumulation of 233U in various types of breeder reactor. From published data, the current level of
the external fuel cycle industry allows one to employ 233U with U content of (1-10) - 1074% [10). In the future,
it should be possible in principle to process fuel with a 232U content of (300-400) . 107%% [11]. In what follows,
we assume this level of 222U as the limiting permissible one. Then Table 3 shows that the level of accumula-
tion of 28U in thorium in the breeding zone is practically unlimited. Onthe other hand, the maximum accumula-
tion of 23U in the thorium blanket of a hybrid reactor should not exceed about 0.3 kg of 23U per ton of Th (20

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 395-396, June, 1980, Original article submitted
September 28, 1979.
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TABLE 1. Mean Cross Sections of Neutron
Reactions in b for the Breeding Zone of a
Fast Reactor and a Blanket of a Hybrid
Fusion Reactor

TABLE 2. Accumulation of 23¢py, 233pu, and
232( in the Breeding Zone of a Fast Reactor
and in the Blanket of a Hybrid Reactor

5 i i " | Max. accumulation of plutonium in
Blanket of a hybrid Breeding zone of a Breeding Téz&g:l_ | irradiated uranium, kg pof Pu/ton of U
reactor fast reactor zone lation
Nuclide 3 5 10 20
ny nf n, 2n n, 3n ny nf n, 2n
| Fast re- 236Py, | 4,6-1075 | 1.1074 3104 6.10*
actor g/ton23® Pu _
2357 0,601,70 | — —  11,30]3,0 — '
236} 0,6511,15 | —° — 1,2-10,055 — 238Py, 13,0 4,8 11,5 25
2381] 0,3310,069;0,066| 0,0018 | 0,73 [0,022| 0,00059
237Np 1,6110,352(0,027; 0,0446 |3,10/0,18 | 0,00012 g/ton2sepy : .
239y 0,46 |2,03%(0,025| 0,0410 |1,40(2,47 | 0,00012 2327J, 9.10-1 3,5.10-° | 5.10-8}2,1.10-7
(20pu [0,7110,46 | — | — 1,0 (0,25 | — g/ton U
——— Blanket |  236py, |10 2 90
*1h =10-28 m2, of hy- g/ton”‘?Pu : *
. bri :
reactor 238Py, |935 2800 4700 11100
" g/ton23epy .
282y, 2.10¢ 1.10-3 | 4,4-10-2 | 8,5-1072
g/ton?*8U
Bei o //T), AN
g "r 77N
8 12F '/;./ // \\\ \\
g o "7 ’ \"\'\- \\\
2 8t y4 A 6,20, b
g of i W B
g / W\
= 4l K A 110
o [ e ! \\.\ /
S 2k . :-—')s/.ﬁ'/ . \{‘\% L/ 189
/] el L i L O W
§Tkev Tkev 407 MeY, GiMeV TMeV  10MeV #0MeV
n
Fig. 1.' Neutron spectra in the blanket of a hybrid .
reactor (---), in the core of a fast reactor (-+-)
and in the breeding zone of the latter (——); the
‘ solid line is o o (Ep) for 238y,
TABLE 3. Accumulation of 22U in the Thorium
Zone of a Fast Reactor and in the Thorium ‘
Blanket of a Hybrid Reactor, g 232U per ton of
233U X ) ’ »
Max, acoumul. Breeding |Blanket | M&%s accumul. |peeding (Blanket
of BBy (with al-|, " Plof hy- | of 28y (with al-"one of |of hy-
lowance for fast re- |brid re- | fowance for fastre- |brid re-
233Pa in irrad. to:
i I R P S
tT;)lnum), g/ton thorium), kg/ (17 - "
ton Th
1,0 1 1300 6,0 15 7500
3,0 5 4300 10 26 > 104
5,0 11 6000
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days of irradiation). This very low accumulation level (less by an order of magnitude than the ?3°U content of
depleted uranium) will not only increase the volume of chemical processing by about a factor 100 but will also
require practically continuous reloading of the blanket. At an economically applicable level of 2*U in throium
(about 10 kg of 233U per ton of Th), the 232U concentration in the >3*U would exceed 1%. This is considerably
larger than the equilibrium level of 222U in 23U for a thermal-neutron thorium reactor [11].

We are indebted to A. S. Krivtsov, A. N. Sosnin, and V., N. Sosnin for assistance in the calculations.
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MOSSBAUER SPECTROSCOPY IN THE PHASE-COMPOSITION
ANALYSIS OF CORROSION DEPOSITS IN A NUCLEAR POWER STATION

V. M. Sedov, P. G. Krutikov, s - UDC 621,039.553:36:620.193.477
E. A. Konstantinov, V. A. Shishkunov,
and A. A. Afanas'ev

The deposition of solid corrosion products on working surfaces in a nuclear power station largely deter-
mines the viability; research on these processes is related to the solution of problems in organizing the
optimum water treatment, as well as chemical cleaning and decontamination, forecasting of the radiation
environment, etc. In turh, it would be impossible to build up a full picture of the physicochemical processes
in the system composed of the constructional material and the coolant without detailed knowledge of the chemi-
cal, isotopic, and phase compositions of the solid corrosion products.

Physical and physicochemical methods are used along with purely chemical ones to obtain the desired
information: x-ray spectroscopy, electron spectroscopy applied to chemical analysis, electron diffraction,
and Mossbauer spectroscopy {1-4]. Industrial conditions impose some constraint on the choice of methods
in such analysis. The central laboratory at a nuclear power station should use a set of methods that are
reasonably simple to operate and that provide the necessary information quickly and rehably.

It is best at present to determine the chemical compositmn of deposits at a nuclear power station by
qualitative and quantitative chemical analysis [5-7]. The apparatus required includes standard Soviet equip-
ment such as spectrophotometers (SF-18 and SF-26) and photocolorimeters (FEK-56 and F EK-60). Well—
developed methods are available for the analysis of radionuclides present in corrosion products, and »
spectrometers with semiconductor detectors may be used with the AI~1024 and AI-4096 as standard equlpment
for radiometric laboratories at virtually all nuclear power stations. The most comphcated stage in the
analysis of solid corrosion products is that in determining the phase composition. ‘Various steels are the
main constructional materials in a nuclear power station, and therefore the corrosion products consist to

Translated from Atomnaya Energlya Vol. 48, No. 6, pp. 396-399,; June, 1980. Original article submltted
September 28, 1979.
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TABLE 1. Characteristics of Surface Deposits
in Major Systems in Nuclear Power Stations
Containing RBMK-1000 Reactors

Systemand con- Vr\iork Deposits on sur- |Deposit on
L tructional ma- ter%lp., l{acte aefter Mant=+  peration
terial °C. actur )
Multiple cir-
culation loop
Steel
Kh18N1i0T 1 285 | Cry04 y-Fe,0y
' ' Thermal scale [Fe, Ni] O [Fe,
[Fe, Ni] O [F 91'7]2203/ ?
. e, N1 €, s
‘Alloy contain- Cr],04 1—5 ¢ /m2 4’5Ogg/rg£ A
ing 2.5% Zr Zr0,- Monoclinic Fes‘ —1,5 g/l'l'l
: form | V-FegOs —,
—0,9 g/m
Steam section
st. 20 270 | Thermal -Fe;05 (22 %)
form . FeO, | a-FeOp (61 %)
Fe;Oy, Fey0,, Fes0, (17 %)
250—500g/m2 | 30250 g/m?
Products from at-
mosphetic cormro-
sion a—FeOOH,
'\’-FeOOH 50—
100 g/m
Condensate-
feed system
Steel
‘[ 30— | Monoclinic y-Fe 04 10—
Kh18N10T 22460 | form Cr,04; —302g;m2
[Fo, Nij O [Fe
€r],0, 1—5 gim2

TABLE 2. Parameters of Méssbauer Spectra and Positions of Lines of Iron Corrosion Prod-
ucts Relative to Metallic Iron

Positions of lines on MJssbauer spectra, mm/sec
Iron compound .| T, K 1 2 . X P p 1S, * mm/secQS, mm/sec H, kOe
a-Fe 295 9,323 3,083 0,83 —0,83 —3,084 —5,323 0 0 330
a-Fe,04 295 8,12 4,92 1,85 —1,00 —4,03 —7,23 0,44+0,01 | 0,20£0,05 518+5
.Feg0,, lines 295 8,00 4,92 1,60 -—0,80 —4,20 7,82 0,3940,0 — 505-F10
Fest . .
1‘03024, lines © 295 8,00 4,95 1,46 —0,60 —3,63 —6,82 0,656+0,1 — 450410
Tre2+ , +10
o-I'eOOH 78 8,05 5,02 1,73 —0,98 4,26 —7,55 0,3740,04 { 0,214+0,02 | 493+5
295 7,00. 3,80 1,39 - —0,39 —2,82 —4,40 0,48+0,02 | 0,36--0,04 355+10
B-7eOOH 78 7,60 3,67 1,65 40,91 —2,82 —5.90 0,3740,04 | 0,174:0,03 | 460+10
: 295 0,77  —0,02 — — — — 0,3940,04 1 0,75+0,01 0
y-FeOQOH 81 0,72 0,05 - — — — — 0,3310,01 10,780£0,005| 0
v-Fe,04 295 8,00 4,92 1,60 —0,80 -—4,20 —7,82 0,39+0,05 | 0,110,1 505+20

* IS, isometric shift; QS, quadrupole sphttmg of nuclear levels; H, magnetic field (1 Oe =
79.5775 A/m).

90-95% of mixtures of various iron oxides and the like (Fe,O, magnetite, o-Fe,0; hematite, y-Fe,0; . maghemite,
a-FeOOH goethite, and ¥-FeOOH lepidocrocite), with only a small fraction represented by other compounds,

in particular spinels of: ‘CrFe;_x04, FexCr;_xO, type, etc. This is clear from the deposits in the surfaces of
major pipelines in the RBMK-1000 system (Table 1).

The surface state of the metal is evaluated at each shutdown, which includes sampling of the deposits,

" cutting of metal samples, and extraction of reference specimens [8, 9]. A unit in a nuclear power station is
shut down annually for planned prophylactic operations related to fuel reloading (nuclear power stations with
water-cooled —water moderated (VVE'JR) reactors), and a similar annual shutdown is used in scanning the

entire system in continuous operation. (power stations.with high-powered water-cooled channel (RBMK) re-
actors). When the major systems are examined, about 150-200 samples of deposits are taken, and about 50
metal specimens are cut from the equipment and pipelines, i.e., about 200-250 samples have to be examined for
one unit in a nuclear power station.

410
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v, mm/sec

Fig. 1. Mossbauer spectra of standard.
iron compound.

X-ray spectroscopy is a classical phase-analysis method., However, quantitative evaluation of the phase
composition requires additional measurements and consumes much time. Also, the method cannot be applied

to corrosion products in the amorphous or finely divided states, which substantially restricts the application
to nuclear power stations.

Electron diffraction and electron spectroscopy are also difficult to apply to solid corrosion products, be-
cause the specimens required for these methods have to be very thin and are therefore difficult to prepare,
and secondly the methods require extremely complicated costly equipment produced in small numbers, which

requires highly skilled staff. In recent years there have been many researches on the oxidation of iron alloy
by Mossbauer methods [4, 10-12]. )

The phase composition of an iron-bearing corrosion product can be examined by Mossbauer spectroscopy
because the hyperfine structure of the nuclear energy levels is examined for SFe (2% of the natural iron isotope
mixture), as the levels are dependent on the form of the compound. Various monographs and articles [4, 13]
deal with the essence of the processes in Méssbauer spectroscopy. The main components that characterize a
Mossbauer spectrum are the isomeric or chemical shift, the nuclear electric quadrupole splitting, and the
nuclear magnetic dipole splitting. The parameters of Mossbauer spectra that characterize the hyperfine struc-
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Fig. 2. Spectra of the corrosion products from Lenin-
grad nuclear power station (RBMK-1000): a) deposits
fromthe emergency protection systems; b) suspension
of corrosion products from the separator drum; c)
deposits from the high-pressure cylmder in the
separator-superheater. :

ture of the °"Fe nucleus are highly individual tothe compound, so quantitative and qualitative phase analyses can
be performed for iron oxide corrosion products. -

The Mossbauer spectra were identified by comparison with the spectra of pure compounds and with
published spectra. Figure 1 gives the spectra of some standard compounds, while Table 2 gives the parameters.

Quantitative analysis of particular forms of iron in a corrosion-product mixture is based on the largely
linear relationship between the area of the Mossbauer spectra and the content of a particular form of the ele-
ment within certain limits [14]). The sensitivity of this method is usually not less than 10% (the proportion of
a particular phase in a heterogeneous mixture for a sample of 50-100 mg), while the relative error of determina-
tion is not more than 15%. These characteristics are no worse than the analogous parameters of x-ray struc-
ture analysis, even when a diffractometer is used.

The wide scope for Méssbauer spectroscopy was demonstrated in research on corrosion under various
condmons governed by the temperature, oxidant composition, and properties of the constructional material
[9, 11, 15], In particular, mild-steel constructional materials have given o-FeOOH and Y-FeOOH with small
amounts of a-Fe,0, and Fe,0,. The thermal oxidation of carbon steels gives rise to Fe,0,, a~Fe,0,, and
Y- Fe203.

Mossbauer measurements have been made on the phase composxtlon for various corrosion products in
various systems in a nuclear power station, and the results are fully explicable in relation to the processes of
formation and are in agreement with data obtained by other methods, in particular x-ray spectroscopy (Fig. 2)
[11, 15]. The Méssbauer spectra were recorded with a YaGRS-4M 7 -resonance spectrometer, which is in
routine productlon in this country. These mstruments are simple to use and reliable to operate.

_ Therefore nuclear y- resonance spectroscopy should be used in the phase analysis of 1ron—bear1ng cor-
" rosion products at nuclear power statmns while 2 YaGRS-4M spectrometer should be present in the radiometry
laboratory of the statlon
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THERMOELECTRIC PROPERTIES OF ZrC, UC — ZrC, AND UC — UN
AT 285-450°K

L. I. Gomozov and I. Sh, Akhmedzyanov ' UDC 537.32.323:661.879.1

The study of thermoelectric properties in combination with other physical parameters makes it possible
to judge the nature of the interatomic bond in interstitial phases [1]. The observed anomalies of the elastic
properties of Zr carbides in the region of homogeneity and the solid solution UC—ZrC and UC—UN may be
due, in particular, to the unequal porosities of the specimens, and therefore the measurement of the thermo-
emf, whose value is not affected by the porosity, is of additional interest as a method for estimating the prop-
erties of the interatomic bond. :

In order to determine thermoelectric properties, we used specimens 3 mm in diameter and 30-50 mm
in length, obtained by powder-metallurgy methods or argon-arc melting with subsequent homogenization. The
amount of oxygen impurity in near-stoichiometric specimens of ZrC and (Zr, U)C was ~ 0.2 atom %; in-sub-
stoichiometric specimens it rose to 0.9 atom % for ZrCy, 4, and in UC— UN specimens it varied from 0.1 to 1

atom 9. The amount of nitrogen impurity in the specimens, on the basis of the ZrC, did not exceed 0.12 atom %.

The characteristics of the thermo-emf were determined relative to pure copper, for which the coefficient
of absolute thermo-emf at 298°K is « = 1.855 uV/deg and dw/dt = 5.225-10~° pV/deg? [2, 3]. In processing the
measurement results, we took account of the relation

AE = a4 T @a/dT)] AT, 1)
where AT is the temperature difference between the hot and cold junctions.

The specimens were held in openings in the cooler and the heater by means of quick solder. The tem-
perature of the cold junction was 286°K, and that of the hot junction ranged up to 450°K. The instrument error
in the determination of « and da/dT did not exceed 2 and + 10 relative 9, respectlvely.

The measurement results are shown in Figs. 1-3. As a rule, the extremum points of « as a function of
concentration coincide with the extremum points of other physicochemical properties. For ZrCx (see Fig. 1a)
we observe a sharp minimum of the negative values of « in the region of 48 atom 9 carbon, which coincides

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 399-400, June, 1980. Original article submitted
October 22, 1979. :
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Fig. 1. Coefficient of absolute thermo-emf at 298°K as a function of the composition of ZrC (a) and
ZrC—UC (b): O, ®) specimens containing 0.2-2 atom % oxygen; +) carbidographite with 2 mass %
graphite; x) oxycarbide Zr(Cy,sq, Op.9); ) (Z1, U)Cog5-1.p; &) (ZT, U)Cy.g15 A) (Z1, U)Cy go-

Fig. 2. Temperature coefficient of absolute thermo-emf in the 285-450°K range as a function of
the stoichiometry of ZrC (a) and solid solutions ZrC—UC (b): O, ®) specimens containing 0.2-2
atom % oxygen; x) oxycarbide ZrC0_56 00.08; D) (-ZI‘, U)C0.95_1.00; A) (ZI‘, U)Cd.87; A) (Zr,vU)Co_sz.
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Fig. 3. Variation of the coefficient of absolute
thermo-emf and its dependence on temperature
in the case of solid solutions of the UC —UN
system: O) a; @) da/dT. R

with the maximum on the curves of the melting point and the crystal-lattice parameter [1, 4], as well as with
an increased growth in microhardness [5]. The values of & for ZrCy in the region of 38-48 atom % carbon
are close to those published in [4], but the earlier experiments did not detect any sharp increase in « for a
composition which differed very little from the stoichiometric. The oxycarbide Zr(C, O) of substoichiometric
~composition was characterized by « values which were more negative. . For the solid solutions (Zr, U)C the
concentration curves of the thermo-emf has a minimum in the region of 5 mole % UC (see Fig. 1b), which co-
incides with the position of the maximum of the modulus of elasticity and of the corresponding maximum in
microhardness [6]. 'When we pass to the region of substoichiometric compositions, the variation of & con-

' centration becomes quite different (see Fig, 1b). The partial replacement of ZrC with NbC in the solid solu-
tion (Zr, Nb, U)C.y resulted in a displacement of a into the region of negative values, and this displacement
(by 1 atomv% NbhC) amounted to about —0.1 1V /deg for an NbC content of up to 10 atom %, and to about —0.03 wv/
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deg for 10-50 atom % NbC. A similar displacement is found in the case of alloying of (Zr, W, U)C .1 up to
2 atom % WC.

Changes in composition lead to a qualitatively similar variation of & and da/dT (see Fig. 2), which
follows immediately from the relation [7] '

n2k2 dlno(e)”

*==3 T [ de JsﬂeF' )
According to relation (2), the negative value of the absolute thermo-emf indicates that in ZrC and its sohd
solutions containing up to about 15 mole % UC, the most mobile current carriers are the electrons,

The positive values of & for UN—UC solid solutions (see Fig. 3) in the first approximation indicate hole
conductivity. The maximum values of @ are observed for UN/UC ~3/1 and coincide with the maxima of the
melting point [8] and the modulus of elasticity [9], as well as with the minimum of the microhardness [6] of
the UC—UN solid solutions. A comparison of the coefficients of electronic heat capacity [6] shows that the
compositive U(Cy 45N 75) must be associated with the largest contribution of the homeopolar (covalent) com-
ponent of the interatomic bond.
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NUCLEAR-PHYSICS DETERMINATION OF THE STEAM -CONTENT
IN A REACTOR AT KURSK NUCLEAR POWER STATION

V. I. Kulikov, S. S. Lomakin, UDC 621.039.534.44
Yu. N. Filimontsev, V. V. Karnaukhov,

- Yu. M. Krutogin, A, M, Gryaznov,

and V. V. Volkov

It is important to measure the distribution of the steam content in a pre ssurized-water reactor channel,
since this is involved in improving the reliability and safety of nuclear power stations.

. Measurements may be made on the two-phase (water —steam) system in a nuclear power station outside
the reactor by several methods involving the responses of the phase to input processes or on the differences in
electrical and other characteristics of the vapor and liquid, as well as on the attenuation of neutron or other
radiation beams [1]. However, these methods perturb the structure of the medium or else are inapplicable
within the core, Therefore, the steam content within the core of a pressurized-water reactor is best deter-
mined by a nuclear-physics method involving measurement of the parameters of the neutron spectrum, which
are dependent on the proportion. of hydrogen in the steam —water mixture [2]. Spectrally sensitive activation
detectors are normally employed to measure the parameters of the neutron spectrum within the reactor,

In measurements at the Kursk nucléar power station, we have used thermally resistant activation detec-
tors based on alloys of aluminum with lutetium and gold, as well as copper foils, which were placed at various
points along the channel. The detectors were placed in special tubes in such a way as to eliminate the effects
of the spacing grids on the parameters. ' : '

We measured the epithermal parameter rvT/T, [3], where r is the proportion of moderated neutrons
and T is the neutron gas temperature (T = 293.6°K).

Figure 1 shows experimental and theoretical results, and this implies that the method allows one to
identify the economizer section in a channel. The scale for the theoretical value of the volume steam content ¢
has been chosen in accordance with the variation in rv'T/ Ty, and the mean value of rvVT/T, in the economizer
section corresponds to ¢ = 0. The change in rv T;To as ¢ goes from 0 to 60% is 17%, which agrees with the
data from neutron-physics calculations (Fig. 2). The relationship is linear in the working range ¢, which
enables one to determine the relative variation in the steam content along the height of a channel in the reactor.

rVITT
g5+ _ % %
rviry 39,% '
: ‘ o0 91001
0100 - T R
_ . 20 _
- 1o 0,095 -
007 1 . . 1 . 00907 . 1 ' . |
0 W 200 300 400 00 600 Agh. cm 0 10 20 30 40 X
Fig. 1 Fig, 2

Fig. 1. Distribution of the epithermal parameter rvT/T, over the height of a channel: solid line)
theoretical value of ¢; points) observation.

Fig. 2. Relationship of rvT/T, to volume steam content ¢,

Translated from Atomnaya Energiya, Vol, 48, No. 6, pp. 400-401, June, 1980. Original article submitted
November 13, 1979.
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Fig. 3. Normalized distributions of rvV T/T, over
the height for power levels in a channel of 2.06 MW"
(filled points) and 1.15 MW (open points), where

the solid line is the theoretical value of ¢.

The rv T7T0 parameter was measured in the same channel at a higher reactor power; Fig, 3 shows the

measurements normalized to the value of (rvVT/T o) for the economizer section. It is clear that the Iength of
the economizer section is reduced when the channel power is higher, and that there is a corresponding in-

crease in r\/ T7T

The measurements were made with the control rods closest to the point of measurement withdrawn. The

results showed that it is possible to determine the distribution of the steam content in a working channel in
the core.of the RBMK reactor by nuclear-physics (activation) methods.
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MEASUREMENT OF 235U FISSION PRODUCT YIELDS IN A FAST REACTOR

. Zvonarev, V. V., Kovalenko,
Koldobskii, Yu. F. Koleganov,
. Kolobashkin, V, G, Liforov,

N. Gudkov, V. M. Zhivun, UDC 539.173.8
.V '
. B.

M
]

. S. Piven', V., A. Tolstikov,
nd A, O, Tipunkov

O Z g

The appreciable yield of 238U fission products formed in the operation of fast reactors can have a con-
siderable effect on both the operational and technological quality of the nuclear-physical installation and the
radiation characteristics of irradiated f_uel' undergoing reprocessing. In view of the clearly inadequate informa-
tion on the yields of products resulting from the fast-neutron fission of 23U, we measured these yields in the
BR-17 reactor. The measurements were made by v spectroscopy of an unseparated mixture of fission products
[1, 2]. A 98-mg sample of ?3U with less than a 1% admixture of 33U and 238U was hermetically wrapped in an
aluminum jacket and irradiated at the center of the reactor core in a flux density of 10? neutrons/cm? . sec.

The sample was irradiated for 1.5 and 10.35 h. After each irradiation the y spectrum of the fission product
mixture was determined with a Ge(Li) spectrometer having a resolution of 3.2 keV at 1333 keV. The measure~
ments were performed for 30 days over an energy range of 100-1800 keV. The values of the absolute quantum
yields and half-lives needed to process the experimental results were taken from [3].

The fission rate in the sample was found by using track detectors. Calibrated layers containing (4.02 +
0.08) - 10'% 238y nuclei were deposited on glass backing and placed in special containers with collimating open-
ings to determine the efficiency of the track detector, The impurity content of the 238U used in the layers did
not exceed 0.155 + 0,049%. After irradiation the glass was etched, and the tracks developed were counted
visually by using an optical microscope.

Our measured values of the cumulative yields and corresponding data from [4] are shown in Table 1,
Since in [4] the yields were obtained relative to °Ba, they were renormalized to our value of the '4"Ba yield.
Except for the yields for mass numbers 92, 97, and 132, the results agree within the limits of error.

TABLE 1. Cumulative Yields of Products Resulting from the Fission of 238U by Neutrons with
a Fission Spectrum

Yield, % Fission Yield, %
Fission . data from
product Tira present work dat[et}]from product Tile present work (4]
8smKr 4,48 1,200,086 1,50+0,10 132Te 78h 4,80+0,20 4,0840,18
87Kr 76,3 min 2,254-0,15 2,194-0,14 1B3MTe © 55,4min 2,08+0,14 ’
88Kr 2,80h 2,64+0,20 2,80+0,15 133] 20,8h 7,4540,35 6,7440,31
918y 9,48h 5,0440,20 5,3840,23 134Te 41,8 min 6,62£0,46
928y 2,711t 4,94+0,26 5,9340,26 1341 52,6 min 7,37+40,41 7,71+0,36
22y 3,53n 4,86+0,69 1351 6,70h 6,32+0,26
933t 7,30min 5,82+0,79 5,38+0,26 135Xe 9,15h 6,164:0,29 5,48+0,32
94y 18, Tmin 4,82-4-0,28 138X e 14,2 min 6,3640,97 —
977y 17,0h 5,864-0,21 4,774-0,23 138Cg 32,2 min 8,39+0,54 —
9Mo 66,0h 5,544-0,26 5,61+0,25 139Ba 82,7 min 5,69+0,20 —
101Mo 14,6 min 4,77+0,39 140Bg 12,8day 5,44-+-0,23 5,44F0,23
- 105Ry 4,40 h 2,424-0,20 2,36+0,12 141Ba 18 min 5,00-£0,44 5,27+0,25
130mgh 40 min 0,8394-0,050 142194 92,7 min 4,814+0,17 5,54+0,25
13mTe 30,0h 0,900, 11 143C¢ 33h 5,200,25 5,82£0,26
1817 8,04 days 3,23+0,15 2,88+0,14
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YIELDS OF 185y, 186y, 1677y, 1687y, AND !7Ty IN REACTIONS
WITH PROTONS, DEUTERONS, AND & PARTICLES

P. P, Dmitriev, G. A, Molin, UDC 539.172.12
and M. V. Panarin '

When erbium is bombarded with protons and deuterons, and holmium with « particles, thulium radio-
nuclides are formed with a high yield. One of these, 1"Tu is widely used in nuclear medicine, and therefore
it is of particular interest to obtain it with high radioisotopic purity. We have measured the yields of _
165-188, 1107y formed when thick erbium targets were bombarded with 9 to ~ 22 MeV protons and deuterons and
holmium with « particles having energies from 17 to 43.5 MeV.

Samples of erbium oxide Er,04 (conversion ratio of yield to pure erbium 1.28) and a stack of holmium
metal foils of average thickness ~25 mg/cm? were irradiated in the deflected beam of the FEI cyclotron. The
energy of the protons and deuterons was varied by aluminum foils. The slowing down properties of aluminum
and holmium were determined from data in [1]. The radionuclides were identified by ¥ energies and half-lives.

The activities of 1657183, 1107y were determined by photopeaks of selected y lines [8], which were mea- -
sured on a y-ray spectrometer with Ge(Li) detectors. The photoefficiency of the detector was determined by
using radiators from the OSGI complex, A !33Ba source was used also. Its activity was calibrated by a careful
comparison of the 276.38 keV y photopeak of !33Ba with the 279.19-keV v photopeak from the OSGI 2BHg source.

The integrated bombardment current was measured by the activity of ¥Zn in 18 mg/cm? copper monitor
foils. The following values of the cross sections of the monitor reactions were used: #3Cu(p, n)%Zn, o = 46 mb*
(Ep = 22.5 MeV) [2]; %°Cu(d, 2n)*%Zn, o = 525 mb (Eq = 22.5 MeV) [3]; BCula, p,n + 2n)%5Zn, o = 325 mb (Eq =
44 MeV) [4], The values of the cross sections were obtained from an analysis of data in [2-4] and our measure-
ments of the relative behavior .of the excitation functions of the reactions mentioned.

The measured yields of 1%71%,170Ty are shown in Figs. 1-3. The errors in the values of the 16571681y
yields are 11-12% and result mainly from systematic errors in measuring the activities of the nuclides and
the integrated bombardment current. The error in the values of the 1Ty yield is ~18-20% and was determined

TABLE 1. Comparison of 165-88,110py vields (for
Eq =44 MeV and Ep = 22 MeV)

Ho4a Erta Er +p
6] (7] 5] [61 [5]

[

0. H -

£ ) 34 9 4

Al h|dla|d|n|d|88n| & |n| & |8 g
185Ty| 295|370 (188|248 | — | — [ 224 22 28 19 | 440 {1960,
168T1|3800{6460{2620/4300f — | — [4580] 25 | 41 [3960{13600] 7000|
167} 95 (149 71 | 89 | 68 [ 52 | 98 [ 72 | 91 |397| 355 | 224
188Tni0,69(0,67|0,24]0, 24{0,36|0,46(0,56|0,35( 0,34 | 6,21 8 |7,2
wory| TS T T S o, 0m 1 103 1,7 0,48

*B —yield of nuclide in uCi/uAh for quantum
yield used in [6, 7]; Bk — yield of nuclide for
new quantum yield [8].

TEstimate of yield.

*1b=10"2% m?; 1 Ci =3,7-10'° Bq.

Translated from Atomnaya Energiya, Vol. 48, No. 6, pp. 402-404, June, 1980. Original article submitted
December 17, 1979, .
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Fig. 1. Yields of 165.Tu, 166py, 16"Tu, 168Tu, and '""Tu as functions of proton energy for a thick
erbium target: O) 5Tu (x5); @) 188Tu; O) 187Tu; A) 18Ty (x20); a) 1™Tu (x500).

Fig. 2. Yields of 18Ty, 18y, 167y, 187y, and 17Ty as functions of deuteron energy for a thick
erbium target: O) *Tu (x10); @) 1%6Tu; 0O) 1¥7Tu; A) ¥8Tu (x10); a) 1"0Tu (x50).
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Fig. 3. Yields of 85Ty, 68Ty, 187y and 18Ty as
functions of « particle energy for a thick holmium
target: O) 15Ty (x20); @) 168Ty; O) 187Ty; A) 181y
(x100).
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by eliminating the strong background of the 79.82 keV v line of ¥¥Tu in the measurement of the photopeak of
the 84.26 keV v line of 1""Tu, In [5-7] the activities of the nuclides were measured with a scintillation v spec-
trometer by the photopeaks of selected y lines, " The values of the quantum yield and the ¥ energy used were
obsolete, and in a number of cases differ sharply from the current data [8]. Therefore, the yields of the
radionuclides were corrected by using the current values of the quantum yield of ¥ photons. The corrected
yields are compared with our results in Table 1. If the cross sections were measured up to lower particles
energies, the yield of a nuclide for Ep = 22 MeV and E o = 44 MeV was found by extrapolating the yield curve
using our measured values of the relative behavior of the yield curves, The results are in satisfactory agree-
ment with the measurements of Sau et al. [7] except for 1851y where Sau et al. obtained values of the reactions
cross sections which were too low.

Our data enables us to indicate optimum methods of obtaining thulium nuclides, For example, Fig. 1
shows that obtaining 187y by bombarding erbium with protons in the 19-22-MeV range (thin target) decreases
the admixture of 18Ty by approximately a factor of 5, and ""Tu by about 1.5 in comparison with bombarding
a thick target with 22-MeV protons. The use of a thin holmium target decreases the admixture of 187y by a
factor of 1.5 (cf. Fig. 3). The use of an enriched ¥’Er target bombarded with deuterons is very promising.
For an enrichment of 96-97% with Eq = 22 MeV one can expect an increase in the 8'Tu yield by approx1mately
a factor of 4, and a decrease of the %"y admixture by approximately a factor of 20. :

The method of obtaining **'Tu, from the Er + a — 'Tu reaction is worth noting. Here the isotopes
165, 168, 167y are formed mainly through the "isobaric nuclei 165,186, 18Tyh iy peactions of the type (@, xn), and
188, 1707y in reactions of the type (@, pxn) with a smaller yield. Reactions of the type (@, pxn) also contribute to
the 165,168,167y yields, which is taken into account in Table 1 by the known yields of analogous reactions. The
relatively low yield of #5181y results from the small !84Er content in natural erbium (1,56%) and the fact that
1861y is practically in equilibrium with #¥6yb (T1/z = 56,7 years). Consequently, the thulium fraction separated
from the target, even shortly after bombardment, has a relatively low y activity., The "%Tu yield was not
measured in [6]; we estimated it from the yield of analogous reactions,

The authors thank G. N. Grinenko and Z. P. Dmitrieva for help with the work.
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